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ABSTRACT 
The only widely-accepted method of gauging the ballistic performance of a material is to carry out 
ballistic testing; due to the large volume of material required for a statistically robust test, this process 
is very expensive. Therefore a new test, or suite of tests, that employ widely-available and 
economically viable characterisation methods to screen candidate armour materials is highly 
desirable; in order to design such a test, more information on the armour/projectile interaction is 
required. 
This work presents the design process and results of using an adapted specimen configuration to 
increase the amount of information obtained from a ballistic test. By using a block of ballistic gel 
attached to the ceramic, the fragmentation generated during the ballistic event was captured and 
analysed. In parallel, quasi-static tests were carried out using ring-on-ring biaxial disc testing to 
investigate relationships between quasi-static and ballistic fragment fracture surfaces. Three 
contemporary ceramic armour materials were used to design the test and to act as a baseline; Sintox 
FA alumina, Hexoloy SA silicon carbide and 3M boron carbide. 
Attempts to analyse the post-test ballistic sample non-destructively using X-ray computed 
tomography (XCT) were unsuccessful due to the difference in the density of the materials and the 
compaction of fragments. However, the results of qualitative and quantitative fracture surface 
analysis using scanning electron microscopy showed similarities between the fracture surfaces of 
ballistic fragments at the edges of the tile and biaxial fragments; this suggests a relationship between 
quasi-static and ballistic fragments created away from the centre of impact, although additional 
research will be required to determine the reason for this. 
Ballistic event-induced porosity was observed and quantified on the fracture surfaces of silicon carbide 
samples, which decreased as distance from centre of impact increased; upon further analysis this 
porosity was linked to the loss of a boron-rich second phase. Investigating why these inclusions are 
lost and the extent of the effect of this on ballistic behaviour may have important implications for the 
use of multi-phase ceramic materials as armour.   
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1 INTRODUCTION 
1.1 BACKGROUND TO PROJECT 
Ceramic materials have been used as armour for almost one hundred years. When combined with 
other materials in a ballistic armour system, their combination of high resistance to impacting 
projectiles and comparatively low density makes them favourable when compared with other 
materials such as metals. Armour development has progressed from enamelled metal plates in World 
War I to more sophisticated materials such as boron carbide (B4C) helicopter seats in the Vietnam 
conflict, and further still to modern aluminium oxide (Al2O3, otherwise known as alumina) and silicon 
carbide (SiC) armour plates. Ceramic composite materials are currently in development to improve on 
weight, economic cost and ballistic performance.  
Ballistic protection represents a significant investment worldwide; the global personnel armour 
market was measured as US$3.9 billion in 2015, with ceramic materials accounting for 30% of this in 
term of revenue, and the market is forecast to grow to US$5.7 billion by 2024. Market share is 
dominated by the USA with 49.5%, but the rise of border disputes and global instability in South-East 
Asia and Eastern Europe also drive the demand for superior armour equipment and soldier equipment 
modernization.  Economic growth is swiftest for Type 2A body armour, designed to protect against 
small-calibre ammunition and ideal for law-enforcement, but demand for heavier Type 4 ceramic-
armoured suits for infantry accounted for 24% of the market in 2015 (Grand View Research, 2016). A 
brief summary of definitions of different armour types is given in Table 1.1 (NIJ, 2008), and the 
distribution of the market is shown in Figure 1.1 (Grand View Research, 2016).  
Table 1.1: Definitions of different armour types according to USA National Institute of Justice (NIJ) and the threats they 
are designed to withstand (after NIJ, 2008). * designates types incorporating hard ceramic armour plates. Type I is no 
longer included in the standard.  
Type 
Ballistic Test Criteria 
Projectile Description Mass (g) Velocity (m s-1) 
IIA 
9 mm full metal jacket (FMJ) round nose (RN) 8.0 373 ± 9.1 
.40 Smith & Wesson (S&W) FMJ 11.7 352 ± 9.1 
II 
9 mm FMJ RN 8.0 398 ± 9.1 
.357 Magnum jacketed soft point (JSP) 10.2 436 ± 9.1 
IIIA 
.357 SIG FMJ flat nose (FN) 8.1 448 ± 9.1 
.44 Magnum semi-jacketed hollow point (SJHP) 15.6 436 ± 9.1 
III* 7.62 mm FMJ steel M80 bullet 9.6 847 ± 9.1 
IV* .30 calibre armour piercing MPA2 bullet 10.8 878 ± 9.1 
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Figure 1.1: North America body armour market revenue by type (adapted from Grand View Research, 2016) 
While ceramic armour systems are capable of stopping very high energy projectile impacts, the 
mechanisms by which they achieve this are not fully understood. This is partly due to the complexity 
of the ballistic event and the mechanisms that resist the impact, which depend on materials and test 
conditions, and partly due to the difficulty in independently varying properties and/or microstructural 
features during manufacture. Consequently, consensus on which ceramic material properties have 
the greatest effect on ballistic performance remains elusive.  
The only widely accepted methods of satisfactorily assessing the performance of ceramic armour 
systems (the V50 and depth-of-penetration test, described further in Chapter 2) utilise full-scale 
ballistic testing. These are very expensive processes, as the specialist facilities with these capabilities 
are few and far between. Further, due to the variable nature of ceramic properties, many tests require 
at least 30 samples to generate robust test data, and over 100 samples may be required for a full 
understanding of the statistical behaviour. This necessitates a significant investment of time and 
resources to create sufficient new material to test, but the lack of understanding of the mechanisms 
of the ballistic event has resulted in no alternative to such a ‘make-and-shoot’ iterative approach to 
armour material development. Without any prior indication of whether a new material will offer an 
improvement over current armour ceramic systems, combined with long development time, 
manufacturers are reluctant to commit to developing them, inhibiting innovation and growth in the 
armour market.  
Consequently, a new characterisation test, or suite of tests, that uses economically viable and widely 
available techniques on a small volume of candidate ceramic material to give an indication of its 
ballistic performance is highly desirable. Such a method would not replace the established full-scale 
ballistic test, but by providing entry-level criteria it would act as a screening method to eliminate 
materials which are unlikely to offer improvements in ballistic performance, weight or cost over 
current standards, and hence streamline the testing process. This would encourage development in 
ceramic armour and make the industry more accessible, allowing for superior armour materials to be 
developed, which would directly save the lives of soldiers, police officers and security forces. 
Depending on the nature of the developed test, applications could also apply to other industries that 
deal with kinetic impact on structures, such as civil, geological or aerospace engineering.  
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1.2 AIMS AND SCOPE OF THE PROJECT 
The aim of this project was to investigate the ballistic event, in particular the fragmentation that 
occurs, and provide information on the behaviour of ceramic armour systems when subjected to 
projectile impact. This information could then feed into the development of a characterisation test to 
help screen candidate ceramic armour materials for further development without immediately 
resorting to costly ballistic experiments. 
To achieve the main aim of the project, a number of objectives were identified as follows; 
1. To develop a method of recovering the fragments from a ballistic test for subsequent analysis 
whilst minimising any effects on the interaction between projectile and armour. Using 
commercially available alumina, silicon carbide and boron carbide to develop the test will also 
provide baseline behaviour against which new materials can be evaluated. 
2. To subject the fragments to analysis techniques, such as fractography, to gain insight into the 
behaviour of the ceramic material under ballistic conditions. This information can then 
contribute to the development of a new test. Fracture surface analysis, surface roughness 
quantification, X-ray computed tomography (XCT) and elemental analysis are the main post-
test characterisation techniques that are considered. 
3. To conduct quasi-static tests on samples of the same baseline materials in order to investigate 
relationships between ballistic and quasi-static fracture surface conditions. If similarities 
between the two can be identified and understood, this provides support for using quasi-static 
test methods to assist with selection of ballistic ceramic materials. 
1.3 OUTLINE OF THESIS 
After this introductory chapter, the literature relevant to the projectile is reviewed in Chapter 2. 
Information on contemporary armour materials, current ballistic test methods, understanding of the 
material characteristics and their effect on behaviour during ballistic impact are covered. Chapter 3 
describes the selection and initial characterisation of baseline ceramic armour materials, and 
establishes relevant properties for use throughout the investigation. 
The development of the new ballistic test method is described in Chapter 4; different methods for 
restraining fragments generated during a ballistic event whilst minimising interference with the test 
were investigated. A final design for the ballistic fragment retention system was chosen and subjected 
to additional design iterations, which are also outlined in the chapter. Finally, quasi-static testing of 
ceramic materials in the form of ring-on-ring biaxial disc testing is described.  
Attempts to analyse the ballistic post-test material non-destructively using XCT were carried out, and 
a review of the investigation is presented in Chapter 5. The initial scan conditions, analysis of results 
and steps taken to refine and increase confidence in results are described. 
After XCT, the extraction and analysis of both ballistic and biaxial fragments are discussed in Chapter 
6. Initial qualitative analysis of the fracture surfaces is described, and subsequent surface roughness 
quantification results are analysed and discussed. Further analysis of material using elemental analysis 
is also reported, and the results and implications are presented. Concluding remarks and 
recommendations for further work are provided in Chapter 7. 
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter reviews the current status of ceramic armour research and discusses the literature 
relevant to the project. Focus is given first to contemporary armour designs and materials, highlighting 
why improvements are required. Developments are inhibited by limited understanding of the ballistic 
event, which is described later in this chapter; this is a very complex phenomenon that is greatly 
affected by changes in test conditions. Current understanding of the processes and mechanisms 
utilised by ceramic armour systems to dissipate the kinetic energy of an incoming projectile is 
discussed and the effect of individual properties on these processes are highlighted. However, as the 
literature shows, there is no current consensus within the scientific community on the relationships 
between static material properties and ballistic performance, and therefore understanding the 
behaviour of the material processes, such as fragmentation, is critical.  
2.2 CERAMIC ARMOUR SYSTEMS 
2.2.1 Introduction 
Use of ceramic materials in armour systems began in World War I, and their design has evolved to 
meet advancements in projectile threats ever since then. This section describes the armour designs 
and materials currently in use on battlefields of the 21st century. 
2.2.2 Armour System Design 
Ceramics by themselves are insufficient to prevent damage to personnel from high-energy projectile 
impact; even if the threat is stopped, the ceramic is likely to undergo extensive fragmentation which 
can be just as lethal as the original projectile to the wearer. Ceramics are therefore combined with a 
ductile backing, often a fibre-reinforced composite, to make an armour system, where the role of the 
ceramic is to reduce the kinetic energy of an incoming projectile to such an extent that what remains 
can be captured by the composite backing without causing further damage. 
Ceramic armour systems use a variety of energy dissipation mechanisms to defeat threats, which are 
discussed in more detail later, but fragmentation is a common occurrence when defeating a projectile 
of sufficient kinetic energy. Since the ballistic performance of a shattered ceramic system is 
substantially reduced, regular replacement of systems is required. To this end ceramic armour systems 
are incorporated into modern body armour in the form of Small Armour Protective Insert (SAPI) plates, 
which are placed into the front, side and back pockets of a load carrier worn by the soldier and easily 
replaced when necessary. Introduced in 2016, the Virtus system, as shown in Figure 2.1, is the current 
body armour system utilised by the British Army and is 4.7 kg lighter than the Osprey system it 
replaced (British Army, 2016). 
The weight of the armour is an important parameter in armour design. Between the armour, weapons, 
ammunition and other equipment, a soldier in the field can be carrying up to 50 kg. Reducing this 
weight would reduce fatigue and other health problems associated with long-term load carrying (e.g. 
Macleish, 2012). Another design consideration is the material cost; the ceramic armour market 
fluctuates frequently and is highly influenced by current events (e.g. armed conflicts), but top 
performing silicon carbide armour can cost $11 – 14 per pound. The cost of sufficiently protecting an 
entire army can be reduced by using cheaper materials and/or manufacturing methods. 
Finally, ballistic performance of the armour system is of great importance in order to adequately 
defend the bearer. Ceramic armour materials can be manufactured as either a single monolithic 
component or as many smaller tiles in a mosaic format. The latter technique increases the multi-hit 
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capability of the overall armour system (e.g. Hazell et al., 2008). Further, the geometry of the strike 
face has been shown to have an effect on the ballistic event by offsetting the trajectory of an incoming 
projectile (e.g. Medvedovski, 2010b; Shukla et al., 2003; Stanislawek et al., 2015), and can improve 
ballistic performance by 16 – 18% (Monteiro et al., 2016) and multi-hit capability (Karandikar et al., 
2014). However, these structural alterations are often associated with a rise in cost due to increased 
component complexity. Therefore advancements in ceramic armour systems are best achieved 
through the development of new materials that offer improvements in performance, cost and/or 
weight over materials currently in use.  
    
Figure 2.1: Modern body armour; (a) photograph of Virtus armour system (Nathan, 2016); (b) photograph of British 
Army soldier wearing Virtus armour (Defence Imagery, 2015) 
2.2.3 Current Ceramic Armour Materials 
There is a wide variety of ceramics used as armour. In modern personnel armour systems the most 
common strike face materials are alumina (Al2O3), boron carbide (B4C) and silicon carbide (SiC). Typical 
properties of these and other armour ceramics are given in Table 2.1, and properties of other materials 
are given in Table 2.2 for comparative purposes. Data on the ballistic performance for materials is 
difficult to acquire because such information is often obtained at great expense and is therefore kept 
proprietary.  
Alumina ceramics are the most widespread of armour ceramics due to the adequate ballistic 
performance against current threats combined with low manufacturing cost; as an oxide ceramic a 
protective atmosphere is not required during production. Further, alumina-based ceramics are also 
widely used as transparent armour in the form of sapphire or AlON, which is useful for vehicle windows 
and instrument viewports (e.g. Alexander et al., 2010). However this versatility and economic 
effectiveness comes at the cost of high density when compared with other armour ceramics. 
Silicon carbide ceramics represent an improvement in ballistic performance and weight-saving 
properties over alumina, but at increased manufacturing cost (e.g. Moynihan et al., 2000). Finally 
boron carbide offers high ballistic performance and substantially reduced weight, but the cost of 
manufacture is so high that its use is limited to applications where weight saving is critical, such as in 
aircraft. In addition, B4C is known to undergo amorphisation when subjected to impact pressures of 
20 – 23 GPa (produced by projectile impact speeds of 750 – 1000 m s-1) and above, significantly 
reducing the ballistic performance which limits its usefulness against high-energy threats (Chen et al., 
2003). 
 
(a) (b) 
 6 
 
Table 2.1: Typical properties of ceramic materials that might be used or considered for armour applications             
(Roberson, 2014) 
Material Density 
(kg m-3) 
Elastic 
Modulus 
(GPa) 
Elastic Wave 
Speed (km s-1) 
Impedance 
(MRayl)1 
Hardness 
(GPa) 
Soda-lime glass 2520 72 5.3 13 5.5 
Glass ceramic 2530 90 6.0 15 6.2 
Mullite 3290 175 7.3 24 10 
85% Al2O3 3420 221 8.0 27 9.4 
90% Al2O3 3600 276 8.8 32 10.4 
98.5% Al2O3 3840 350 9.5 37 13.7 
99.5% Al2O3 3910 370 9.7 38 14.1 
ZTA2 4010 360 9.5 38 14.4 
RB3 SiC 3100 393 11.3 35 26 
Sintered SiC 3150 410 11.4 36 26 
RB B4C 2650 379 12.0 32 25.5 
HP4 B4C 2520 460 13.5 34 32 
HP SiC –XI 3230 455 11.9 38 23.5 
Si3N4 3210 310 9.8 32 25 
SiAlON 3300 290 9.4 31 17 
Spinel 3580 275 8.8 31 16.1 
Sapphire 3970 370 9.7 38 20 
AlON 3640 330 9.5 35 18.5 
TiB2 4480 555 11.1 50 26.6 
HP WC 15560 689 6.7 104 23 
 
Table 2.2: Properties of other relevant materials (Roberson, 2014) 
Material Density 
(kg m-3) 
Elastic Modulus 
(GPa) 
Elastic Wave 
Speed (km s-1) 
Impedance 
(MRayl) 
Hardness 
(GPa) 
Diamond 3520 1009 16.9 60 107 
Cubic B4C 3420 400 10.8 37 45 
Polycarbonate 1200 3 1.6 2 n/a 
Hard steel 7850 200 5.0 40 4.3 
 
2.3 BALLISTIC TESTING 
Depending on the conditions of the ballistic test, such as component materials or type of ballistic 
projectile, different armour systems respond differently to ballistic impact but there are some 
phenomena which are common to all. Due to the variability in ceramics and the lack of understanding 
of the influence of individual properties, the only acceptable method of gauging the performance of a 
ceramic armour system is to subject it to ballistic testing.  
                                                          
1 1 Rayl = 1 kg s-1 m-2 
2 Zirconia toughened alumina 
3 Reaction-bonded 
4 Hot-pressed 
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Currently the two most widespread techniques for directly assessing material ballistic performance 
are the depth-of-penetration (DoP) and V50 tests. The DoP test is carried out by attaching the armour 
panel test specimen to a ductile backing material and subjecting it to ballistic impact. Conclusions are 
drawn based on how deep the projectile penetrated into the backing material; the depth that an 
impactor penetrates into the ductile backing with an armour panel compared with the depth 
penetrated into unarmoured ductile backing is a measure of the armour ballistic performance. This 
test has been utilised throughout scientific literature (e.g. Anderson, 1992; James, 1995; Moynihan et 
al., 2000).  
Alternatively, a V50 test consists of attaching the armour panel to a backing material (commonly Kevlar 
or glass fibre composite) to make a test sample and subjecting it to ballistic impact. The velocity at 
which a projectile has a 50% chance of penetration is derived through testing multiple samples, and 
is known as the V50 (e.g. Adams, 2001; Normandia & Gooch, 2001). Due to the statistical nature of 
ceramics and the number of factors affecting the ballistic test, a probability indication of the ballistic 
performance is more appropriate than a definite measure.  
The V50 test requires a large number of test samples shot at different projectile velocities to better 
understand the ballistic behaviour of the material. Table 2.3 details a range of issues that can arise 
during reaction sintering of silicon carbide which can cause a single class of material to respond in a 
wide variety of ways to a ballistic event (Crouch et al., 2015). The NATO standard for ballistic testing, 
STANAG 2920, defines that the V50 measurement be derived from an even number of shots, half of 
which penetrate and half of which do not with a maximum allowable velocity difference of 40 m s-1, 
and the V50 is the arithmetic mean of the velocities (NATO standard, 2003). If these conditions are not 
met, the test can be extended until 5 penetrations and 5 non-penetrations within a velocity range of 
50 m s-1 are obtained. If this fails as well, 7 penetrations and 7 non-penetrations within 60 m s-1 may 
be deemed acceptable, but if this is still not applicable then the test is considered a failure. A minimum 
of 14 shots/samples is recommended (Maldague, 2008) and a typical test uses 15 – 20 samples, but 
V50 testing can produce as much as 30 samples without conclusive results (Kneubuehl, 1994). Further, 
the test does not currently provide any information on the behaviour of the ceramic; there is, for 
example, no information on how close to failure a sample that succeeded in stopping the projectile 
was. If the projectile were faster by 1 m s-1 it may have penetrated, or the velocity could have been 
increased to 100 m s-1 before the target failed. 
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Table 2.3: Likely causes and effects of manufacturing defects in reaction sintered silicon carbide (after Crouch, Kesharaju 
& Nagarajah, 2015) 
Name of defect or 
heterogeneity 
Nature of defect Possible cause Possible effect on 
penetration 
resistance 
Thickness Local variation in 
thickness 
Non-uniform filling of 
mould during preform 
manufacture 
Marginal, if less than 
0.3 mm 
Bulk density Local change in through-
thickness bulk density 
Non-uniform 
compaction during 
preform manufacture 
Significant, if lower 
than acceptable 
range 
Porosity Conventional holes/gaps 
in microstructure, 
especially near centre of 
section 
Entrapment of air 
during filling of mould, 
or compaction of 
preform 
Significant, if 
diameter > 2 mm 
Unsintered material Preform material which 
has not taken part in the 
reaction process. Often 
found in isolated pockets 
towards centre of 
section. When fractured 
they appear black in X-ray 
detection 
Non-uniform flow of 
silicon metal 
throughout preform 
Very significant, if 
diameter of 
thickness greater 
than 5% of nominal 
thickness of product 
Silicon-rich areas Isolated areas of pure 
silicon metal as in-filling 
of tears and formation of 
surface puddles 
Formation of tears in 
preform, excess silicon 
metal flowing to 
surface 
Minimal effect, 
especially if form 
continuous structure 
Cracks Conventional cracking of 
brittle sintered ceramic 
from various point 
defects 
Local stress relief, 
externally applied load 
Marginal, depending 
on location 
River markings Network of surface 
intrusions ( 1 mm deep) 
which resemble a river 
delta 
Caused by gas 
evolution on surface 
of the preform near 
the molten silicon 
bath 
Significant if depth of 
defects are >5% of 
nominal thickness 
 
A more statistically accurate method of calculating the V50 is shown in Figure 2.2. The probability of a 
shot penetrating a ceramic system is 0 or 1, and these results can be plotted on a scatter graph. A 
cumulative normal distribution curve can be plotted from these data using the least squares method, 
and the velocity that corresponds to a probability of 0.5 on this curve is taken as the V50 (Gotts et al., 
2004). 
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Figure 2.2: Derivation of V50 result, showing test pass/fail result in red and normal distribution data in blue  (after Gotts 
et al., 2004) 
In order to generate a sufficiently accurate statistical basis to derive a V50, up to and over 100 samples 
may be required for some materials. This represents a significant investment in production of material 
and use of specialist ballistic ranges. Further, V50 testing carried out according to the American 
Department of Defence test standard MIL-STD-662F has reported to be unfair and unreliable due to 
ambiguity in the language used in the standard, leading to differences in test sample size, fixing 
method, shot placement, etc., between test houses (Dunn, 2010). Finally this method does not provide 
much information on the standard deviation of results; Figure 2.3 shows results from two materials 
with the same V50 but notably different behaviour. 
 
Figure 2.3: Derivations of same V50 for different standard deviations (after Gotts et al., 2004) 
Despite these criticisms the V50 remains the most widely accepted method of evaluating ballistic 
resistance; it is regarded as a more accurate measure of in-service ballistic performance than DoP due 
to the thinner backing plate and the freedom for the armour system to flex (Ray et al., 2005). The main 
drawback is the cost, both in terms of potentially hundreds of consistent samples being produced and 
also hire of specialist ranges. That, combined with the potential for misinterpretation in the MIL 
standard results in many manufacturers being unable or unwilling to invest in subjecting themselves 
to a costly and potentially unfair test. 
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It is clear that the economic cost and time of developing advanced armour ceramics could be greatly 
reduced if the response of a material to ballistic impact could be predicted earlier on in the 
development cycle without having to submit every new material to full-scale ballistic testing. In order 
to do this, a robust understanding of the processes and mechanisms involved in the ballistic event is 
required; these are described in the next section.  
2.4 UNDERSTANDING THE BALLISTIC EVENT 
2.4.1 Introduction 
The ballistic event starts when a high-speed projectile strikes an armour target, and ends when the 
projectile is either completely stopped or penetrates the armour. There is a wide range of threats 
present on the battlefield, and the processes involved in the ballistic event are affected by the type of 
projectile, among other factors. 
In this project, focus is placed on the ceramic armour response to small-calibre threats. The kinetic 
energy (KE) transferred to a target by a 10.7 g APM2 bullet travelling at 1000 m s-1 is 5.35 kJ (e.g. 
Anderson et al., 2005; ; Forrestal et al., 2013; Showalter et al., 2009), and this is dissipated by the 
ceramic armour systems through a variety of mechanisms described in this chapter. Tungsten long-
rod penetrators typically impact at 1.3 – 1.6 km s-1 with 106 J of KE (Gooch, 2011), and shape-charge 
jets striking with velocity of 5 – 11 km s-1 can penetrate 300 mm of steel rolled homogenous armour 
(Hazell, 2006). Under these conditions armour systems have been reported to behave 
hydrodynamically (e.g. Hallam, 2015; Wilkins, 1978), and their behaviour characteristics are outside 
the scope of this project. 
2.4.2 Stages in the Ballistic Event 
Upon initial contact with the ceramic, the projectile is reported to undergo deformation and 
fragmentation as the nose of the bullet is crushed between the hard ceramic plate and the advancing 
back of the projectile, increasing the contact surface area between the ceramic and the bullet (e.g. 
Carton & Roebroeks, 2014; Walley, 2010). This time period between initial contact and 
commencement of penetration of the armour system is known as ‘dwell’. Dwell can last up to 20 µs 
in some polycrystalline ceramics and significant energy is lost during this process due to mass loss and 
deceleration; extending the dwell period by 3 µs can result in a decrease of projectile kinetic energy 
by 10% (Anderson & Walker, 2004). It is entirely possible for the projectile to be completely destroyed 
at this point without causing any fragmentation or penetration into the ceramic; this phenomenon is 
known as ‘interface defeat.’ The projectile velocity required to overcome this and induce penetration 
into the armour system is known as ‘transition velocity,’ V0, and differs between ceramics; four 
different SiC armour ceramics were reported to exhibited a difference in V0 results by approximately 
100 m s-1 (Lundberg & Lundberg, 2005). 
Before any actual penetration occurs there may be a brief instance of inelastic deformation. Ceramics 
inelastically deform through mechanisms such as twinning, microcleavage and slip, as reported in the 
literature (e.g. Compton et al., 2013; Lankford, 2004; Shih et al., 2000; Wadley et al., 2013) but these 
mechanisms are much less prominent than in other materials such as metals. Inelastic deformation is 
still a significant process which reduces the magnitude of local stresses and spreads the load over a 
larger area (LaSalvia, 2010). Furthermore, preliminary studies suggest it is possible to predict the 
transition velocity using the plastic response to Knoop indentation tests (Hilton et al., 2012). 
 As well as fragmentation of the projectile, at the beginning of the ballistic event high-intensity 
compressive stress waves are transmitted through the armour system by contact with the projectile. 
Ceramics are naturally strong in compression, but when compressive stress waves are reflected off 
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the edges and material interfaces back through the ceramic as tensile waves these are more likely to 
cause damage and compromise the structural integrity of the system (e.g. Chen, et al., 2007; 
Strassburger et al., 2008; Walley, 2010; Wilkins, 1978). Further, the tensile waves and cracking lower 
the compressive strength of the ceramic target, meaning the projectile advances into a material with 
different properties than when it was sintered (e.g. Curran et al., 1993; LaSalvia et al., 2010) and 
resulting in some material behaviour becoming hydrodynamic (e.g. Kipp et al., 1993). 
The transmission of the high intensity stress waves through the ceramic is one of the primary 
influences on fragmentation. It is reported that cracks occur when pre-existing flaws are initially 
activated when the projectile-induced compressive wave passes through the ceramic, and grow at 
high velocity when the wave reflects back from free surfaces in tension (Louro et al., 1992). Further, 
the size and geometry of fragments will remain relatively constant once fractured by the stress waves, 
but will change when interacting with other fragments (Slavin, 1989). The fragmentation processes 
and characteristics are covered in greater detail later in this chapter. 
The dwell period ends when penetration of the ceramic begins. The tensile stress waves cause shallow 
ring-cracks that extend at 25° – 75° from surface normal to form shear-dominated Hertzian cone 
cracks directly beneath the projectile (e.g. Brandon et al., 1994; Curran et al., 1993; Sherman, 2000; 
Wadley et al., 2013), and radial cracks form due to a combination of biaxial stresses and tensile 
stresses as the projectile advances into the ceramic (Strassburger et al., 2013). Lateral confinement of 
the ceramic using steel improves performance of the system, albeit at increased weight, by inducing 
a compressive stress in the ceramic that the fracture conditions must overcome before tensile cracking 
can occur. Further, by preventing fragments from being ejected from the system the interaction 
volume between the projectile and ceramic is increased, thereby increasing erosion effects. These are 
illustrated in Figure 2.4 where the projectile has not fully penetrated the confined target (Tan et al., 
2010). 
 
 
Figure 2.4: Schematic illustration of ceramic subjected to ballistic impact (a) unconfined (b) confined (after Tan et al., 2010) 
As the projectile advances into the ceramic, the material directly beneath it is crushed and compacted 
(comminuted) in a conical region known as the Mescall zone (Shockey et al., 1995). The behaviour of 
this region are reported to have a significant effect on the penetration of the armour by the projectile 
(e.g. Hazell, 2006; Shockey et al., 1990); influences such as shear strength and shape of comminuted 
fragments can affect the penetration depth by up to 50% (Shockey et al., 2010). This is due to not only 
the erosion effects on the bullet, but also the fragments resistance to flow out of its path. This 
resistance is also exhibited by angular grains with a high critical flow angle (i.e. a high angle that a 
(a) 
(b) 
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container of grains can be tipped before flow occurs) found in other studies (Mancino et al., 1996). 
Furthermore, in studying the impact behaviour of granular solids a relationship between the stiffness 
of the solid and individual particle diameter has been observed; high impactor speed and low particle 
diameter contribute to an increase in stiffness (Clark et al., 2015). 
Fragments are ejected from the system due to relaxation of the ductile backing and as a result of the 
stress waves reverberating through it. These fragments are known as ‘ejecta,’ and kinetic energy is 
transferred to them to expel them from the system (e.g. Gooch et al., 1992; Hogan et al., 2013). It is 
thought that many smaller ejecta fragments are preferable to fewer large fragments, as loss of larger 
fragments is more likely to result in structural incohesion of the remaining ceramic (Haney & Subhash, 
2012). 
Ceramic and projectile fragments still possess kinetic energy that can harm personnel, and so these 
are prevented from advancing further by the composite backing, commonly made of Kevlar or glass 
fibre. The primary energy absorbing mechanisms of Kevlar composite are reported to be yarn rupture, 
elastic stretching, friction and yarn pull-out (Santos da Luz et al., 2015) and deformation, which 
accounts for 30 – 36% of the total projectile kinetic energy (O’Donnell, 1993). Fibres used in armour 
applications typically have high strain-to-failure properties to assist with energy absorption (Hazell, 
2016).  
The stages of fracture are illustrated in Figure 2.5 (Wilkins, 1978), and shown in X-ray images in Figure 
2.6 (Anderson & Walker, 2004). At the end of these stages, the kinetic energy of the projectile has 
either been adequately dissipated by various mechanisms, or it has sufficient residual energy to 
penetrate the backing material, in which case the armour has failed. There have been many attempts 
throughout the literature to quantify the amount of kinetic energy dissipated at each 
stage/mechanism, which are described in the next section. 
 
Figure 2.5: Illustration of stages in ceramic armour system penetration by sharp steel projectile. Units in μs                                         
(adapted from Wilkins, 1978) 
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Figure 2.6: Flash X-ray shadowgraphs showing armour-piercing surrogate projectile impacting 7.62 mm B4C ceramic with 
6.35 mm aluminium backing (after Anderson & Walker, 2004) 
2.4.3 Energy Dissipation in Ceramic Armour 
Figure 2.7 summarises examples in the literature where energy dissipation mechanisms have been 
quantified. It highlights the lack of consistency between different authors and their test methods and 
different materials, explaining the requirement for full-scale ballistic testing to achieve a measure of 
confidence in the ballistic performance of a material. 
 
Figure 2.7: Distribution of energy through different mechanisms for different ceramic materials 
Destruction and erosion of the projectile is one of the first mechanisms to engage during the ballistic 
event, and is commonly regarded as the point where the most kinetic energy is dissipated (e.g. 
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Glass (Shockey, Simmons, Curran, 2010)
TiB (Jagannathan, 2010)
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Anderson & Walker, 2004; Medvedovski, 2010; Pickup, 2005; Wilkins et al., 1969). As well as the 
properties of the material, the dwell period has been reported to also be highly influenced by the 
choice of backing material; the stronger the backing, the longer the dwell time (e.g. Liu et al., 2015; 
Strassburger & Krell, 2012; Strassburger et al., 2016). Further, at the beginning of the ballistic event 
there is a release of energy in the form of light, sound and heat; in B4C a temperature of 1160°C has 
been reported at the point of contact between tile and projectile (Savio et al., 2015), although severe 
localised heat such as this has been reported to diminish material flow stress (Wilkins, 1978). 
Energy continues to be dissipated through subsequent stages. A large proportion of energy is 
converted into kinetic energy of ejecta (e.g. Hogan et al., 2013; Woodward, 1994). Despite the high 
fracture surface area generated, studies have shown that its creation is not a significant contributor 
to dissipating energy (e.g. Jagannathan, 2010; O’Donnell et al., 1990; Woodward, 1989). However the 
fragmentation of the ceramic is a very influential factor considering the effect on other mechanisms 
it has; behaviour of the Mescall Zone, nature of ejecta and erosion of penetrating projectile all depend 
on the fragment characteristics (e.g. Strassburger & Krell, 2012).  
The ballistic event is a phenomenon of substantial complexity; due to the high speed of the event 
identifying the individual processes that contribute to it is challenging. Further, the nature of the event 
changes based on many factors, including (but not limited to) projectile type, target configuration, 
impact speed and level of confinement. Therefore the only widely-accepted method of gauging the 
ballistic performance of an armour system is to carry out ballistic testing. 
This is a very expensive process, so many authors have attempted to improve the development cycle 
of ceramic armour by linking material properties to the ballistic event or the processes associated with 
it, reducing the reliance on full-scale ballistic testing. This is covered in the next section. 
2.5 INFLUENCE OF CERAMIC PROPERTIES 
2.5.1 Introduction 
Since the creation of ceramic armour there have been many and varied attempts to define which 
material properties make a material ‘bulletproof.’ Links between static properties and ballistic 
performance are obscured by the difference in strain rate 𝜀̇, or the rate of deformation with respect 
to time. Ballistic experiments typically induce a strain rate of 104 ≤ 𝜀̇ ≤ 108 s-1, whereas quasi-static 
laboratory experiments, such as 4-point bending or biaxial disc testing, are substantially lower than 
this (e.g. Hazell, 2006; Klopp & Shockey, 1991) as exhibited in Figure 2.8 (Field et al., 2004). 
 
Figure 2.8: Diagram of strain rate regimes and examples of techniques (Field et al., 2004) 
The difference in strain rates between ballistic and quasi-static tests complicates matters because 
many materials exhibit rate dependent properties; for example, metals increase in strength but 
decrease in ductility with an increase in test strain rate. The effect of strain rate on individual 
properties is described in separate sections below. 
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Besides differences in the material properties, ballistic testing causes behaviour in the materials that 
cannot be easily emulated in laboratory quasi-static tests. Crack behaviour has been observed to 
change from zig-zag patterns in quasi-static indentation tests to straight paths in dynamic indentation 
tests (Subhash et al., 2008). Further, as mentioned earlier under impacts of sufficient energy 
hydrodynamic behaviour is induced in the materials. Despite these differences, many attempts have 
been made to directly link static material properties to processes or mechanisms in the ballistic event. 
These are described below. 
2.5.2 Hardness H 
As a group of materials, ceramics are generally harder than metals and polymers. Hardness is 
commonly cited as an important property for ballistic performance and several researchers have 
linked high target hardness with high rates of projectile damage and subsequent erosion upon 
penetration (e.g. Hilton et al., 2012; Karandikar et al., 2008; LaSalvia et al., 2010; Medvedoski, 2010; 
Pittari et al., 2015), processes regarded as where the greatest projectile kinetic energy is dissipated.  
With regards to ballistic testing, direct links between hardness and DoP results have been established 
(e.g. Flinders et al., 2005; Hazell, 2010; Ray et al., 2005; Swain & Bradt, 1995). However this does not 
translate into similar behaviour in the V50 test, which represents in-situ ballistic events more closely. 
Hardness, however, cannot be regarded as the ultimate ceramic armour property. B4C has a very high 
hardness but as mentioned earlier it undergoes amorphisation under high impact velocities, reducing 
its usefulness, and this behaviour would not be seen in laboratory hardness tests. High hardness has 
been linked to high transition velocity, but this relationship does not apply all ceramic materials 
(Lundberg, 2007). Further, other considerations such as cost and density prevent some of the hardest 
materials such as diamond being utilised to any great extent. 
Finally, acquiring suitable hardness values is not as simple as it might first be assumed. Load rate, 
indentor geometry and pressure-dependent strength of the material are all variables which can yield 
different results from tests, such that different tests are not readily comparable (LaSalvia et al., 2010). 
Hardness also is shown to be strain-rate dependent (Garu et al., 1998); some SiC materials exhibit an 
increase in hardness values of up to 25% when indented at 103 s-1 (Pittari et al., 2015). This is due to 
the relationship between hardness and dislocation slip in ceramics, which is affected by strain rate 
(Vandeperre et al., 2010). Further, the indentation size effect (ISE) is a well-documented phenomenon 
where materials display higher hardness at lower loads (e.g. Pittari et al., 2015; Quinn et al., 2003); 
this has been explained by low loads being predominantly governed by elastic behaviour, then as the 
load increases inelastic deformation processes begins to dominate the behaviour and finally 
permanent damage is induced at higher loads. This behaviour is illustrated in Figure 2.9 (Hilton et al, 
2012). 
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Figure 2.9: Explanation of the indentation size effect (ISE) (after Hilton et al., 2012) 
2.5.3 Fracture Toughness Kic 
Due to the extensive fragmentation of armour ceramics during the ballistic event, their ballistic 
performance is reduced by 70% after a single shot of sufficient energy (Hazell et al., 2014). High 
fracture toughness, however, can increase the ability of the ceramic to withstand multiple impacts 
(e.g. Karandikar et al., 2008; LaSalvia et al., 2010; Rahbek & Johnsen, 2015). Further, it has been 
reported that transition velocity V0 increases with fracture toughness for different SiC ceramics, as 
shown in Figure 2.10, although there are large uncertainties associated with the data (Lundberg, 
2007). 
 
Figure 2.10: Relationship between transition velocity (V0) and (left) hardness; (right) fracture toughness. Hardness and 
fracture toughness results have been normalised to properties of SiC-B (after Lundberg, 2007) 
The fracture toughness is also reported to be very influential on the fragmentation behaviour of the 
ceramic. Low fracture toughness results in a greater extent of fragmentation (e.g. Gooch et al., 1992; 
Woodward et al., 1994) which can be beneficial to a number of processes in the ballistic event. 
Alternatively, high fracture toughness ceramics are more likely to undergo intergranular fracture, 
where the fracture path propagates between grains, as opposed to transgranular where the crack 
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propagates through grains (Vargas-Gonzalez & Speyer, 2010). Intergranular fracture generates a larger 
fracture surface area that requires more energy to create than a smooth surface (Karandikar et al., 
2008), and some researchers suggest deliberately incorporating a nano-scale intergranular film (IGF) 
to weaken grain boundaries so that cracks may preferentially propagate intergranularly (LaSalvia et 
al., 2010), and promote plastic deformation of grains (Pickup, 2005).  
However, increasing the fracture toughness of ceramics often decreases hardness. Both high hardness 
and high fracture toughness are reported to be beneficial to the ballistic performance of the ceramic 
in different ways, but these two properties are commonly inversely proportional to one another, as 
demonstrated in Figure 2.11 (Ray et al., 2006). One reason for this is because hardness is enhanced 
by eliminating the grain boundary phase, but doing so inhibits intergranular fracture that contributes 
to increased toughness (Flinders et al., 2003; Flinders et al., 2005; Medvedovski, 2010). This 
relationship between hardness and toughness carries over into different strain rate regimes; as well 
as hardness, fracture toughness has also shown to be load-rate dependent (e.g. Chen et al., 2016; 
Subhash et al., 2008). 
 
Figure 2.11: Vickers Hardness (HV1) as a function of single-edge precracked beam (SEPB) fracture toughness for 6 
different SiC ceramics with sintering aids (recreated from Ray et al., 2006) 
2.5.4 Young’s Modulus 
The material stiffness is cited as an important material property for ballistic ceramics, although often 
to a lesser degree than hardness and toughness. Young’s modulus affects stress wave propagation 
throughout the ceramic and crack speed which has a significant effect on the fragmentation and thus 
ballistic performance (e.g. Karandikar et al., 2008; Wilkins, 1978; Woodward et al, 1994). The 
relationship between ballistic efficiency measured by DoP testing and crack speed is shown in Figure 
2.12 (Ruiz, 1989).  
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Figure 2.12: Relationship between ballistic efficiency and stress wave speed (CL) (after Ruiz, 1989) 
However the stress wave behaviour throughout the ceramic armour system also depends on the 
backing material and the bond between them. Mismatches in acoustic impedance between the 
different materials result in compressive shockwaves induced by a projectile being reflected as tensile 
waves with greater intensity, which is reported to be the main cause of ceramic failure by fracture 
(e.g. Harris et al., 2013; Medvedovski, 2010b). However an acoustic mismatch between the ceramic 
and the bullet promotes fragmentation and destruction of the projectile (Savage, 1990). 
2.5.5 Compressive strength (σc) 
In the initial stages of the ballistic event, the projectile incurs a compressive stress on the ceramic. 
Therefore the compressive strength of a ceramic can be seen as a measure of its resistance to initial 
penetration (e.g. Pittari et al., 2015), which can extend the dwell time. A direct relationship between 
compressive strength and ballistic performance has been proposed (Rozenberg & Yeshrun, 1988), 
although other parameters such as hardness appear to not be considered. 
The strain-rate sensitivity of compressive strength is a well-documented phenomenon (e.g. Kimberly 
et al., 2013; Ravichandran & Subhash, 1995); this behaviour is shown comprehensively for different 
materials in Error! Reference source not found.. The effect strain rate has on compressive strength is 
explained using the characteristics of microcracks and flaws which govern the compressive behaviour 
of ceramics; at strain rates below 1000 s-1, crack growth is controlled primarily by material properties 
and nucleation of axially-orientated microcracks. Mathematically, the relationship between strain rate 
and compressive strength can be modelled using Equation 2.1 (Lankford, 1995); 
𝜎𝑐 ∝ 𝜀̇
1
𝑛⁄  
Equation 2.1 
where n is the stress intensity exponent in the macroscopic tensile crack velocity relationship, and is 
usually between 5 – 200. In dynamic tensile stress tests the failure is affected more by crack inertia, 
and as mentioned earlier compressive failure is induced by multiple tensile fractures in the 
microstructure. Therefore for strain rates above 103-4 s-1, the relationship changes to Equation 2.2 
(Lankford, 1995); 
𝜎𝑐 ∝ 𝜀̇
1
3⁄  
Equation 2.2 
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As evidenced in Figure 2.13, in some cases this sharp increase in strain-rate sensitivity is observed at 
lower strain rates (Sarva & Nemat-Nasser, 2001).  
 
Figure 2.13: Relationship between normalised strain rate and compressive stress (after Kimberly et al., 2013) 
2.5.6 Hugoniot Elastic Limit (HEL) 
Since many of these static properties are unsuitable for describing higher strain-rate behaviour, 
investigations have also been carried out on defined dynamic properties. The Hugoniot Elastic Limit is 
defined as the yield stress of a material under uniaxial dynamic loading (Kaufmann et al., 2003), 
although this definition is debated (e.g. Hazell, 2006; Walley, 2010). HEL can be interpreted as the 
transition point from elastic to inelastic response to shock loading prior to failure (Chen at al., 2006). 
The HEL and the compressive strength can be linked using plate impact experiments; the compressive 
strength under plate impact experiments Y can be calculated using Equation 2.3 (Holmquist et al., 
1999); 
𝑌 = 𝐻𝐸𝐿 (
2𝐺
[𝐾 +
4
3𝐺]
) 
Equation 2.3 
where G and K are the bulk and shear moduli respectively. However, despite the links with 
compressive strength the HEL is not strain-rate dependent for all ceramics (Grady, 1998). 
 Ceramics have a higher HEL than other materials; for SiC the HEL is 13 – 15 GPa (Klopp & Shockey, 
1991; Grady, 1998) and it is 16 – 19 GPa for B4C, whereas metals are typically in the range of 0.5 – 2.0 
GPa (e.g. Hazell, 2006). This suggests that ceramics have higher strength under dynamic loading 
conditions, although this does not necessarily translate into improved ballistic performance. HEL and 
static yield strength correlate with DoP results against bullet projectiles (Rozenberg & Yeshrun, 1988) 
but it has been shown that there is no correlation between HEL and the ballistic performance of 
polycrystalline alumina when impacted by a tungsten long-rod penetrator (James, 1995). 
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2.5.7 Ballistic Figure-of-Merit 
Links between individual properties and different mechanisms in the ballistic event have been 
established over many years of research, but linking them all into a single figure-of-merit is difficult; 
some properties are mutually exclusive and most of their values are dependent on the strain rate, and 
which properties have the most prominent influence on the ballistic performance are still debated. 
Further, the tests necessary to obtain certain dynamic material properties to use in models and 
formulae may be so time-consuming and expensive that it is simpler to carry out full-scale ballistic 
testing anyway. Finally, the ceramic must operate as part of a system, and so the different component 
materials also alter the behaviour. 
A ballistic figure-of-merit known as the D-criterion has been found throughout literature (Carton et 
al., 2015; Medvedovski, 2010; Rahbek & Johnsen, 2015). Originally proposed by Neshpor et al, the 
ballistic energy dissipation ability D is calculated using Equation 2.4 (Neshpor et al., 1995); 
𝐷 =  
0.36 (𝐻𝑉. 𝐸. 𝑐)
𝐾𝐼𝐶
2  
Equation 2.4 
where HV is the Vickers hardness, E is the Young’s modulus, c is the sonic velocity and KIC is the fracture 
toughness. The sonic velocity c can be calculated using Equation 2.5 (e.g. Pierce, 1989; Hull, 1999); 
𝑐 =  (
𝐸
𝜌
)
1
2
(
1 − 𝑣
(1 + 𝑣)(1 − 2𝑣)
)
1
2
 
Equation 2.5 
where E is the Young’s modulus and v is the Poisson’s ratio. There are many and varied ballistic results 
throughout the literature but it is challenging to find robust V50 results for different materials under 
consistent test conditions in the public domain in order to test the D-criterion. Table 2.4 however 
shows that the D-criterion does not match up satisfactorily with ballistic results. 
Table 2.4: Ballistic ranking vs D-criterion. V50 ballistic data for various SiC ceramics, E, HV, KIC and ρ from Ray et al., 2006. 
Poisson’s ratio v estimated from data provided by Ray et al., 2006 and used to calculate sonic velocity c using Equation 
2.5 
SiC 
sintering 
aid 
Vickers 
Hardness 
HV  
(GPa) 
Fracture 
Toughness 
KIC  
(MPa-m1/2) 
Young’s 
Modulus 
E 
 (GPa) 
Density 
ρ 
(g/cm3) 
Poisson’s 
ratio 
ν 
Sonic 
velocity 
c  
(km s-1) 
V50 
Ballistic 
Ranking 
D 
Criterion 
Ranking 
Alumina 
(1950°C) 
22.6 3.9 431 3.21 0.199 12.2 1 4 
AlN-B4C 22.1 3.6 423 3.21 0.189 12.0 2 3 
SiC-N 21.9 4.5 442 3.22 0.186 12.2 3 5 
B-C 23.7 2.5 421 3.19 0.183 14.5 4 1 
AlN 25.5 3.1 429 3.22 0.193 12.1 5 2 
Al 
(2200°C) 
21.0 4.9 428 3.21 0.196 12.1 6 6 
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Besides failing to adequately rank ballistic performance, the D-criterion does not account for cost or 
weight of the overall system. An alternative cost/mass figure-of-merit is presented in Equation 2.6; 
1
(𝐶𝑜𝑠𝑡 × 𝑚𝑎𝑠𝑠2)
 
Equation 2.6 
Where the mass refers to the mass required to defeat a given threat, and the cost refers to the 
economic cost. When Equation 2.6 is applied to nine different ceramic materials, the cost/benefit 
trade-off for TiB2 is revealed to be disappointing despite the reportedly high ballistic mass efficiency. 
Instead, novel alumina emerges as having the greatest cost/benefit ratio (James, 2001). 
However this method relies on obtaining ballistic data to calculate the mass effectiveness, and 
therefore is not suitable for evaluating new materials. Further, other considerations than the 
economic benefits might take precedence in certain situations, such as weight-saving for aircraft 
(often armoured with B4C) or protection against higher energy impacts for tanks (often armoured with 
TiB2). 
Despite the efforts of many researchers, conclusive links between easily measureable material 
properties and ballistic performance remain elusive. Ballistic V50 results cannot be directly correlated 
with hardness, fracture toughness, density or Young’s modulus, among other properties (Ray et al., 
2006). Whilst individual properties can be linked to individual ballistic mechanisms, some of these are 
difficult to combine and are of greater or lesser importance in different materials. Further, the density 
and the economic cost of armour materials must be considered when designing new systems. 
Since the performance of ceramic armour systems cannot currently be predicted through static 
properties, increasing understanding of how the materials behave under different fracture conditions 
would be beneficial to armour development. Ceramic fragmentation occurs in all ceramics subjected 
to impact, has a significant effect on many mechanisms, and presents a promising avenue of 
investigation. 
2.6 FRAGMENTATION OF CERAMIC ARMOUR 
2.6.1 Introduction 
The nature of fragmentation in both the ceramic and the projectile has a large effect on the outcome 
of a ballistic event (e.g. Medvedovski, 2010). Sharper, jagged fragments with a wider size distribution 
induce significant erosion on penetrating bodies, and also have greater shear strength to better resist 
movement by a projectile due to interlocking (e.g. Mancino, et al., 1996; Liu et al., 2008; Li, 2009; Li, 
2013; Sezer, Altun & Goktepe, 2011; Shockey et al., 2010). Because of this, the mode of fragmentation 
has been cited as the most significant influence on the ballistic performance of ceramic armour 
systems (Strassburger & Krell, 2012). 
In addition, the fracture surface features of materials can be analysed to inform on the circumstances 
surrounding their creation, and differences between materials may be observed. In this section, 
factors affecting the creation of fragments in the ballistic event are investigated, both from a 
theoretical point of view and a post-test analysis perspective. 
2.6.2 Creation of Fragments 
The nature of fragmentation is affected by the conditions of the ballistic event and the materials 
involved; the microstructural characteristics of the ceramic and the dynamic stiffness of the backing 
are reported to affect the fragmentation behaviour (Krell & Strassburger, 2014). In quasi-static testing, 
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ceramics are known to fail once the critical flaw is activated; as tests with higher strain rates are carried 
out, however, larger numbers of progressively smaller flaws are activated and smaller fragments are 
created (e.g. Kaufmann et al., 2003; Kimberly et al., 2013; Kipp et al., 1993; Lankford, 2004; Subhash 
et al., 2008). This relationship between strain rate and activation flaw size is shown in Figure 2.14; the 
probability of a material containing a flaw of size s is shown in the top right quadrant, and the stress 
required to activate this flaw is shown in the bottom right quadrant. Strain rate events are shown in 
the bottom left quadrant as functions of stress and time. By following the red dotted lines for a low 
strain rate event, the graph shows that only the largest flaws will be activated, whereas for a high 
strain rate event, and thus high stress, the majority of the flaw population will be activated (Ramesh 
et al., 2014). 
 
Figure 2.14: Multipart schematic showing the relationship between loading rate and activation of defects (after Ramesh 
et al., 2015) 
As well as pre-existing defects in the microstructure, flaws can be induced in the ceramic during the 
early stages of the ballistic event by inelastic deformation mechanisms that can result in stress 
concentrations that lead to fragmentation, although these mechanisms also contribute to projectile 
energy dissipation and dwell time (Hilton et al., 2012). Examples of these are given in Figure 2.15. 
Debonding between grains and voids at grain boundaries caused by poor processing, a second phase 
or a chemical change are common occurrences in polycrystalline ceramics, and result in stress 
concentrations. Dislocation pile-ups occur as dislocations that have been induced by dynamic loading 
are stopped in close proximity to one another by obstacles such as grain boundaries, which generate 
a high shear stress that can lead to microcracking and further damage. Deformation twinning occurs 
due to misalignment of crystal structure with compressive stress; this induces a tensile stress which 
can initiate cracking. Finally, an elastic anisotropy effect can be induced by grains with different 
mechanical properties to one another, and under load this can induce stress concentrations between 
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the grains (Shih et al., 2000). These phenomena are only visible using a high resolution microscope, 
such as a transmission electron microscope (TEM). 
  
  
Figure 2.15: Schematic overview of examples of micromechanical damage mechanisms in ceramics (arrows indicate 
direction of force); (a) grain boundary debonding; (b) void/foreign particles; (c) dislocation pile-up; (d) twinning; (e) 
anisotropy in grains (after Shih et al., 2000) 
It has been proposed that the relationship between strain rate 𝜀̇ and fragment size d can be written 
using Equation 2.7; 
𝜀̇ =  
𝐾𝐼𝐶 √20
𝜌 𝐶 𝑑
3
2⁄
 
Equation 2.7 
where KIC is the fracture toughness, ρ is the density and C is the speed of sound through the material 
(e.g. Subhash et al.,2008; Wu et al., 2015). However results calculated by Equation 2.7 should be used 
with caution, since it assumes that fragmentation is directly due to static material properties; other 
effects such as high intensity stress waves and the rate-dependence of properties are not taken into 
account. Further, literature is contradictory over whether the formula is supported by results (Wu et 
al., 2015). However the inverse relationship between fragment size and strain rate is supported by 
mathematical models, as shown in Figure 2.16 (Levy et al., 2012, incorporating data from Grady, 1982; 
Glenn & Chudnovsky, 1986; Levy & Molinari, 2010). 
(a) (b) (c) 
(d) (e) 
 24 
 
 
Figure 2.16: Relationship between normalised fragment size (m) and normalised strain rate (s-1) generated by four 
different mathematical models (after Levy et al., 2012). 
In observing post-ballistic test ceramic armour tiles, it can be seen that fragment size increases with 
distance from centre of impact. This is because strain rate has been shown to decrease with distance 
from the centre of impact (e.g. Ernst et al., 2009; Karandikar et al., 2005). An important implication of 
this observation is that fragments at sufficient distance from the centre of impact are created under 
lower strain rates, and these may be replicable in laboratories without requiring ballistic testing. 
2.6.3 Fractography of Ballistic Ceramics 
Examination of fracture surfaces can give detailed insight into the mechanisms behind their creation; 
a wide variety of fracture surface features can inform on the crack speed, direction, origin, etc., as well 
as the material characteristics. However, due to the sheer size of fracture surface area and the 
complicated nature of the ballistic event i.e. multiple flaws activated instead of one critical flaw, 
identification of typical fracture surface features such as mirror, mist and hackle is challenging. 
Nonetheless it is possible to identify artefacts that can inform on the conditions of fragment creation 
and their differences between materials by analysing the fracture surfaces using e.g. a scanning 
electron microscope (SEM). A complete description of all the features that can be exhibited on fracture 
surfaces is beyond the scope of this project, but a brief description of some of the common 
occurrences is given below.  
2.6.3.1 Fractographic Phenomena 
The fracture path through a ceramic can either travel around the grains (intergranular) or through the 
grains (transgranular, or intragranular), and these differences are shown in Figure 2.17 (Lee, Kim & 
Mitomo, 2001). Polycrystalline ceramics commonly exhibit a mixture of both modes on their fracture 
surfaces; fracture mirrors close to the origin are more likely transgranular, whereas as the crack 
radiates outwards the fracture becomes more intergranular as the crack speed slows. However there 
is currently no widely-used method for quantifying the proportions of fracture mode, and such 
analysis is typically done by observation (Quinn, 2007). Some authors state that intergranular fracture 
is preferable due to the increased degree of crack deflection, fracture surface area generated and the 
effects on subsequent fragmentation (e.g. Ezis, 1994, Pickup, 2005), although it has been shown that 
fracture mode does not correlate with DoP results (Ray et al., 2005).  
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Figure 2.17: SEM micrographs of crack profiles in SiC samples; (a) intergranular; (b) transgranular (after Lee, Kim & 
Mitomo, 2001) 
Cleaved grains are also a common occurrence in ceramic fracture surfaces and occur during 
transgranular fracture. When a crack front reaches a grain under transgranular fracture conditions, it 
can either travel along a crystallographic plane resulting in a completely flat surface, or induce fracture 
on multiple crystallographic planes depending on the grain orientation, as shown in Figure 2.18. 
Depending on the crack orientation or twist, the fracture path can change from smooth to stepped 
within a grain, leaving river marks or twist hackle (Davis, 2006), as shown in Figure 2.19 (Hull, 1997). 
A micrograph showing cleavage steps on post-fracture alumina grains is shown in Figure 2.20 (Chen et 
al., 2006). 
  
Figure 2.18: Illustration of distinction between single plane and multi-plane cleavage; (a) crystal loaded normal to (011) 
plane; (b) crystal cleavage restricted to {001} plane, resulting in fracture occuring on (010) and (100) (after Hull, 1997) 
 
Figure 2.19: Illustration of step marks caused by a twist in the crack orientation in a crystal. The crack approaches from 
the left and crosses a boundary of parallel screw dislocations situated between L and M, resulting in steps formed (after 
Hull, 1997) 
(a) (b) 
(a) (b) 
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Figure 2.20: Fracture surface of alumina subjected to plate impact shock loading at 7.8 GPa (after Chen et al., 2006) 
2.6.3.2 Observations on Ballistic Ceramics 
Work carried out by previous researchers in this field is useful in helping to identify commonalities 
found on fracture surfaces. Post-test SEM analysis of alumina fragments revealed that larger 
fragments were more likely to exhibit intergranular fracture, but as fragment size decreased this was 
replaced by more transgranular fracture and plastic flow of the surface. Cross-sectional TEM also 
showed evidence of dislocation regions beneath the plastic flow and microcracking in the smaller 
fragments (Wu et al., 2014). This is in agreement with another study that shows that as shock load 
increases to surpass the HEL, the fracture initiation sites of alumina transition from dislocations at 
grain boundaries to deformation twinning (Chen et al., 2006). 
Intergranular fracture in alumina is supported elsewhere, and contrasted with SiC and B4C which 
exhibit more transgranular fracture (e.g. Abadjieva & Carton, 2014; Beylat & Cottenot, 1996; 
Dateraksa, 2012). It has also been shown that higher purity alumina (99.5%) exhibited better DoP 
performance and a higher degree of transgranular fracture when compared with a lower purity (95%) 
alumina (Madhu et al., 2005). TiB2 has been shown to fail transgranularly, but also exhibits multiple 
cleavage steps in the grains (Gupta et al., 2012).  
Some fracture surface features are common across strain rate regimes. Upon observing alumina 
fragment fracture surfaces from both quasi-static (𝜀̇ = 10-6 to 102) and dynamic (𝜀̇ = 102 to 103) tests, 
no definitive differences could be seen between them; all exhibited predominantly transgranular 
cracking and cleavage marks in the grains (Gálvez et al, 2000). Furthermore no large differences in 
fracture surface were reported between static and dynamic flexural tests for alumina; both regimes 
exhibited predominantly transgranular fracture with grain pull-out (Belenky & Rittel, 2012), although 
at low magnification a more pronounced compression curl can be seen in the dynamic specimens.  
Since fragment size is related to strain rate, it could be argued that the observations by Wu et al. of 
changes in fracture surface appearance with fragment size conflict with those recorded by Gálvez et 
al. of consistent fracture surfaces across strain rates. However, it should be remembered that the two 
tests and materials used are different between the studies, and the resultant fracture surfaces are not 
directly comparable.  
The fracture mode of SiC has been reported to remain independent of strain rate (Shih et al., 2000), 
although SiC grains under higher strain rate loading showed ‘steps’ within the grains (Karandikar et 
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al., 2009). Conversely, investigation of AlB12 DoP fragments using an SEM showed a greater degree of 
intergranular fracture in fragments closer to the centre of impact, which has been attributed to 
decohesion of the grains, along with evidence of twinning. B4C fracture modes were reported to be of 
mixed mode and interaction with surface features such as pores was noted. Further, no cleavage or 
twinning was seen, but only a small number of fragments were analysed in the study (Katz & Brantley, 
1971).  
Fractographic comparisons between ballistic fragments and other fracture tests were carried out for 
different grades of SiC and TiB2, and showed similarities between ballistic and tensile fracture surfaces 
(in terms of fracture mode) and between ballistic and compression fracture surfaces due to the 
presence of fine particulates on fracture surfaces (Slavin & Viechnicki, 1988). This combination of 
tensile and compressive fracture is also seen in dynamic split-Hopkinson pressure bar investigations 
(Chen et al., 2007). Also, large carbonaceous defects have been reported in both ballistic rubble and 
quasi-static biaxial fragment fracture surfaces; these are reported to be very detrimental to the quasi-
static flexural strength of the material as they are found at the fracture origins, and likely act as critical 
flaws. They are also found on the ballistic rubble fracture surfaces, and whilst it cannot be confirmed 
that they are the most significant inherent flaws in the material they may have an effect on the crack 
propagation and ballistic behaviour (Bakas et al., 2004). Further work on this topic revealed, through 
post-test fractography of the SiC fragments, that a ballistically superior sample contained a higher 
number of smaller inclusions, compared with a poorer-performing sample of the same material that 
exhibited fewer, larger carbonaceous inclusions on the fracture surface (Bakas et al., 2012). This 
phenomenon may be restricted to this particular type of SiC, or may be more widespread. Similar high-
carbon inhomogeneities are reported to have a significant influence on dynamic crack behaviour in 
B4C (Farbaniec et al., 2015). 
A significant issue with carrying out fractography on ballistic ceramic fragments is obtaining valid sites 
of analysis; the high-speed nature of the ballistic event results in fragments being scattered over a 
wide area, inhibiting recovery. Researchers in the past have either collected fragments from the 
surrounding area, after they have collected additional damage and contamination, or prised them off 
the remnants of the backing material (e.g. Gupta et al., 2012; Katz & Brantley, 1971) resulting in loss 
of information from material that was ejected. Using steel plates to confine the ceramic armour 
system is a popular method of restraining fragments which also increases ballistic performance (e.g. 
Slavin & Viechnicki, 1988; Wu et al., 2014), but this has the effect of altering stress fields and stress 
wave propagation throughout the tile, which generates fragments not necessarily representative of 
what would occur in-situ. The degree of ceramic fragmentation is increased with confinement, but the 
size distribution is altered due to modified influences of stress wave propagation and crushing due to 
the projectile (e.g. Sherman, 2000; Woodward et al., 1994). 
The characteristics of fragments and fracture surfaces differ between different ceramics; fracture 
mode, cleavage and plasticity are all examples of artefacts seen on different fracture surfaces. Some 
of these features are reported to be consistent across strain rates for some materials yet change for 
others. Due to the influence fragment properties have on the ballistic event, being able to predict the 
fracture behaviour of a ceramic under ballistic conditions using widely-available laboratory tests 
would be very informative for estimating ballistic performance. 
However, a robust comparison between ballistic fragments and quasi-static fracture surfaces is 
inhibited by the current shortcomings of ballistic fragment retention, particularly with regards to 
fragments created closer to the centre of impact. Therefore there is call for a new fragment retention 
method and test protocol. 
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2.7 SUMMARY AND CONCLUDING REMARKS 
In this chapter, literature relevant to the current project has been presented and reviewed. To 
summarise the findings; 
 Ceramic armour systems consist of a hard ceramic strike face combined with a ductile composite 
backing. Economic cost, density and ballistic performance are the three main properties where 
improvements are sought, but the only widely accepted method for assessing the latter is ballistic 
testing. 
 The V50 test conditions resemble in-situ ballistic events the closest and consequently provide the 
most accurate indicator of ballistic performance, but due to the large volume of material required 
for a robust test it is a very expensive process. Many test samples are required due to the statistical 
nature of strength of ceramics. 
 The development of a new test to estimate ballistic performance is inhibited by the complicated 
nature of the ballistic event. Many mechanisms are used by ceramic armour systems to dissipate 
the kinetic energy of an incoming projectile, such as dwell, inelastic deformation, fragmentation, 
destruction and erosion of the projectile, transfer of kinetic energy to ejecta and deformation of 
backing plate. However there is little consensus over the influence each of these has on the 
ballistic event, and the balance changes based on the test conditions. 
 Many attempts have been made to link static material properties to ballistic performance. Whilst 
properties such as hardness, fracture toughness and Young’s modulus have been shown to affect 
certain mechanisms, none of them has been shown to correlate with V50 performance as a whole. 
 Fragmentation has a significant influence on many mechanisms linked to ballistic performance, 
and understanding of the material behaviour under ballistic conditions can be improved by 
carrying out fractography on ballistic fragments. However, so far studies have not retrieved 
fragments for study in a satisfactory manner. Methods such as steel confinement have the effect 
of changing fragmentation behaviour, and would not be representative of fragments created in-
situ. 
 Fragmentation behaviour of ceramics changes as distance from the centre of impact is increased 
due to the influence of strain rate. Therefore it is feasible that fragments from the edges of a 
ballistic tile may be recreated using quasi-static tests. Fractography of fracture surfaces created 
under such conditions may prove to have common elements with ballistic fragments. 
Therefore, the aim of this project is to develop a new test protocol to capture ceramic fragments 
generated during the ballistic event without unduly affecting the fragment formation. Fracture surface 
analysis can then inform on the material behaviour under ballistic impact, and additional tests can be 
brought to bear on the ballistic fragments to quantify different features, such as fracture mode, 
plasticity or porosity. Such an investigation can provide information that will contribute to the design 
of a new preliminary test to screen candidate armour materials before costly full-scale testing. 
Part of this new preliminary test can take the form of quasi-static fragmentation; since the 
fragmentation characteristics of a ceramic have a large influence on the ballistic performance, being 
able to predict the fragmentation behaviour during a ballistic event would a significant development. 
Fracture surfaces generated from quasi-static tests can be comparable to ballistic fracture surfaces at 
distance from the centre of impact due to the decreased strain-rate.  
An issue with comparing quasi-static fracture surfaces with ballistic fracture surfaces is ensuring that 
suitable ballistic fragments can be reliably obtained. The next chapter describes the process enacted 
to achieve that. 
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3 CHARACTERISATION OF BASELINE MATERIALS 
3.1 INTRODUCTION 
The three key attributes of armour systems are ballistic performance, low weight and low economic 
cost; manufacturers and developers continuously aim to improve on these. In order to measure 
advancements, properties of contemporary armour systems are recorded in order to establish a 
baseline. Whilst it is currently not clear which material properties have the most effect on the ballistic 
performance, microstructural analysis of materials before they are subjected to ballistic testing is 
useful to establish a ‘before and after’ state of the material. 
Three materials have been analysed throughout this investigation as examples of the current baseline 
of the three main armour ceramic families: Sintox FA aluminium oxide manufactured by Morgan 
Technical Ceramics; Hexoloy SA silicon carbide manufactured by Saint-Gobain; and boron carbide (B4C) 
manufactured by 3M (previously manufactured by ESK before their acquisition). These materials were 
selected due to their availability and widespread use in the armour market. In this chapter results of 
grain size and density analyses are presented and relevant properties are established. 
3.2 MICROSTRUCTURAL ANALYSIS 
3.2.1 Experimental Methods 
Sintox FA and Hexoloy SA tiles of 8x100x100 mm were received from manufacturers, and one analysis 
sample per material of 20x10x8 mm was cut from each of these using a diamond abrasive saw. A disc 
of as-sintered 3M B4C was received from the manufacturers with a thickness of 4 mm and a diameter 
of 36 mm. Bulk density and apparent porosity were obtained using water immersion in accordance 
with BS EN 993-1. The samples were dried in an oven at 110°C before the dry mass m1 was measured 
by placing the sample on a Precisa XB3200c scale. Samples were then placed in a vacuum chamber to 
evacuate air from surface pores, which would be subsequently filled with water. The soaked piece was 
then removed from the chamber, suspended from the balance and immersed in deionised water at a 
temperature of 20.0 ± 0.9 °C to obtain the apparent immersed mass m2; this is different to m1, as, 
according to the Archimedes principle, the submerged body experiences an upward force of equal 
magnitude to the weight of the water it displaces. Finally, the test piece was removed from the water, 
carefully sponged with a damp cloth to remove excess water, whilst maintaining the water in surface 
pores, and weighed in air using the balance to obtain the soaked weight m3. All mass results were 
obtained to the nearest 0.01 g. The bulk density ρb was then obtained by combining these values with 
the known density of water ρ using Equation 3.1; 
𝜌𝑏 =  
𝑚1
𝑚3 − 𝑚2
 ×  𝜌𝑤 
Equation 3.1 
The apparent porosity πt was also calculated using these values using Equation 3.2 (BS EN 993-1, 1995); 
𝜋𝑡 =  
𝑚3 −  𝑚1
𝑚3 −  𝑚2
 × 100 
Equation 3.2 
In order to obtain grain size, Hexoloy SA and Sintox FA samples were etched to enhance the 
microstructure. One face of each sample was sequentially polished to a 1 µm finish, and the sample 
of Sintox FA was thermally etched by placing it in a furnace at 1400°C for 20 minutes in air. 
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Thermal etching was inappropriate for Hexoloy SA. Without a specialised atmosphere, at 
temperatures as low as 500°C silicon carbide chemically reacts with oxygen in the air to form silicon 
oxide with obscures the microstructure. Therefore the Hexoloy SA was chemically etched using an 
adaptation of the Murakami method, as described in Appendix A. 
The grain size was calculated using the linear intercept method in accordance with BS EN 623-3. The 
polished and etched surfaces were attached to metal stubs using epoxy adhesive, gold coated and 
imaged using a JEOL JSM 6490LV scanning electron microscope (SEM) with an accelerating voltage of 
10 kV, working distance of 12 mm and a magnification of x1000. Lines were drawn on micrographs of 
each material covering a total of at least 100 grains and points where grain boundaries intercepted 
the lines were marked. The total amount of intercepts was then divided by the length of the line to 
obtain a measure of the average grain width, which was subsequently multiplied by 1.57 to account 
for the three-dimensionality of grains to obtain the grain size (Mendelson, 1969).  
No samples of 3M B4C were etched due to the difficulty of both thermal and chemical etching; instead, 
grain size statistics were obtained directly from the manufacturer. Results were provided based on 
five micrographs with a total of 772 grains (3M, 2016). 
3.2.2 Results 
The densities of Sintox FA, Hexoloy SA and 3M B4C were calculated to be 3.75 g cm-3, 3.17 g cm-3 and 
2.75 g cm-3, respectively; these results are very close to data sheet values. Figure 3.1 shows images of 
etched samples of Sintox FA and Hexoloy SA obtained using the SEM. The density results indicate that 
porosity for both materials is minimal, which is also seen in the micrographs in Figure 3.1; whilst the 
surfaces of both materials have some cavities, these appear to be very shallow. Some of the deeper 
cavities may have been caused by grain pull-out, and in the case of Sintox FA the more elongated 
shape and non-uniform orientation of grains prevents the material from achieving full density. 
Hexoloy SA appears to have more equiaxed grain shape and uniform size, but many dark spots are 
seen in the micrographs which could indicate the presence of small, deeper pores; these may have 
been induced by the presence of a second phase that was preferentially attacked by the etchant.  
Grain size was calculated to be 8 ± 1 µm for both Sintox FA and Hexoloy SA; the grain size results are 
very similar, although Sintox FA appears to have a higher degree of bimodality grain size compared 
with Hexoloy SA. The grain size is similar to literature values for Sintox FA (Hazell, 1998) and Hexoloy 
SA (Munro, 1997) of 9.5 μm and 6 ± 2 μm, respectively.  
The grain size distribution of 3M B4C is shown in Figure 3.2; the minimum grain size was reported to 
be 2.5 μm and the maximum was 40.7 μm, with a median grain size of 10.5 μm (3M, 2016). 
Table 3.1 shows properties for the three baseline materials. Ballistic V50 and V0 data for ceramics 
combined with a standardised backing and impacted by a standardised projectile was provided by 
Morgan Composites and Defence Systems. Poisson’s ratio values were obtained from manufacturers’ 
data sheets, and fracture toughness results were found in literature for Sintox FA (Morrell, 2008), 
Hexoloy SA (Salem, 2009) and B4C (Thévenot, 1990). 
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Figure 3.1: SEM micrographs of polished and etched baseline ceramic materials; (a) Sintox FA; (b) Hexoloy SA 
(a) 
(b) 
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Figure 3.2: Grain size distribution of 3M B4C (3M, 2016) 
Table 3.1: Properties of baseline materials 
Property Sintox FA Hexoloy SA 3M B4C 
Thickness (mm) 8 7 8 8 9 
V0 (m s-1) 1125 1039 1134 1112  
V50 (m s-1) 1150 1107 1210 1168 1225 
Density (g cm-3) 3.75 3.17 2.75 
Apparent porosity (%) 0.02 – 0.06 0.9 0.01 – 0.05 
Grain size (µm) 
8 ± 1 
(average) 
8 ± 1 
(average) 
11  
(median) 
Poisson’s Ratio 0.23 0.14 0.18 
SENB Fracture 
Toughness (MPa m1/2) 
4.2 ± 0.3 2.6 ± 0.1 3.6 ± 0.3 
 
3.3 CONCLUDING REMARKS 
In this chapter the baseline materials have been established and values for density and grain size have 
been obtained. The ballistic performance of each of these materials is also presented alongside 
relevant static properties provided by the data sheets and found throughout the literature. By 
examining different types of ceramics a broader understanding of ceramic behaviour during the 
ballistic event can be obtained. The next chapter describes the ballistic and quasi-static tests to which 
these baseline materials were subjected. 
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4 EXPERIMENTAL METHODS 
4.1 INTRODUCTION 
As described in Chapter 2, a typical V50 ballistic test consumes a large volume of material in order to 
obtain a robust result. Further, the test does not provide information on the behaviour of the material 
beyond whether or not a particular target was penetrated by a particular projectile or not. 
Understanding of the mechanisms involved in the ballistic event would be improved through 
fractographic analysis of both target and projectile post-test, but during a typical test these are 
scattered over a wide area in the form of ejecta, making collection difficult with fracture surfaces often 
contaminated or damaged. Previous researchers have restrained the ejecta from a ballistic event using 
steel (Wu et al., 2015)  or aluminium confinement (Anderson & Royal-Timmons, 1997) but this has 
been shown previously to alter the stress patterns and formation of fragments within armour systems 
from what would naturally occur and therefore obscures the results (Woodward et al., 1994). Other 
methods such as polymer cloth (Madhu et al., 2005) and a water tank (Rahbek & Johsen, 2015) have 
also been used, but they do not adequately restrain the ejecta or are configured to capture 
penetrating ejecta from when the armour target has failed, and therefore an improved method is 
sought. 
Further, as discussed in the literature review, several researchers have postulated that fragments 
generated in a ballistic tile further away from the point of impact may have commonalities with 
fragments from quasi-static tests due to the reduced strain rate. Consequently, quasi-static testing in 
the form of ring-on-ring biaxial disc testing was carried out to obtain fracture surfaces that could be 
compared with those of ballistic fragments. The commonalities (or differences) in fracture surface 
features may highlight links in fragmentation behaviour between the two tests and promote 
understanding of the ballistic behaviour. 
 In this chapter the experimental methods for obtaining ballistic and quasi-static fragments are 
described. As it was desirable to maintain as much information as possible from the ballistic event, 
several design stages were implemented before a final fragment restraint system was derived. 
Background information on biaxial testing is also provided, and the testing regime is described.  
4.2 BALLISTIC TESTING 
4.2.1 Introduction 
Figure 4.1 shows two ceramic armour systems that have been subjected to a ballistic test from an 
APM2 bullet (shown in Figure 4.2) configured to fire at 1000 m s-1. In both cases a large amount of 
ceramic material has been excavated from the middle, leaving behind a substantial crater; this 
material has been ejected into the surrounding area. Recovering it would be time consuming 
considering how fine the particles can become, and the usefulness for subsequent analysis is 
diminished since the fragments would collect damage and surface contamination from impact with 
the surroundings. 
In order to maximise the amount of information that can be recovered from the ballistic test, five 
different fragment restraint methods were investigated. Testing was carried out at the Morgan 
Composites and Defence Systems facility in Coventry, UK. For each method, a Hexoloy SA silicon 
carbide tile of 100 x 100 x 8 mm with a 150 x 150 x 10 mm glass fibre composite backing was used as 
the target and an APM2 7.62 mm bullet configured to fire at 1000 m s-1 was used as the impactor; the 
bullet consists of a brass jacket, steel core and lead cap (Forrestal et al., 2013). The methods were 
assessed on the basis of how much material they were able to contain and how much information 
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could be obtained from them. A control sample consisting of an unrestrained Hexoloy SA sample was 
also tested so that obvious differences in fracture behaviour induced by the restraints could be 
detected. When the most effective method was determined, it went through additional design 
iterations to increase further the amount of information that could be recovered. 
 
Figure 4.1: Photographs of ceramic armour systems subjected to ballistic testing; (a) Sintox CL; (b) Hexoloy SA 
  
Figure 4.2: APM2 7.62 mm bullet; (a) photograph; (b) geometry (after Forrestal et al., 2013); (c) typical dimensions in 
millimetres (after Forrestal et al., 2013) 
4.2.2 Initial Restraint Methods 
The five restraint methods tested were ballistic nylon, ballistic plastic film, an advanced plastic film 
developed by ArmourCoat, salt and gelatine. These are shown in Figure 4.3 alongside an unrestrained 
sample used as a control.  
Ballistic nylon is used to bind the final product SAPI plate for use in the field, primarily to protect 
against superficial damage. Ballistic film and the ArmourCoat ballistic film are used to laminate 
bulletproof windows, reduce spall damage inside vehicles and also to reduce superficial damage 
during handling. Salt restraint was first described in patent US 7,163,205 B1 (2007), in which a target 
was confined in a steel box filled with salt. Post-impact, the salt catches the ceramic tile fragments 
and the resulting salt/fragment mixture could be dissolved in water to extract fragments (Kecskes & 
Magness, 2007). Finally, ballistic gelatine is commonly used as a substitute for human tissue to 
simulate damage in ballistic experiments. Once captured, fragments can be extracted by dissolving 
(a) (b) 
(a) (b) (c) 
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the gel in warm water. The salt and gel restraint methods were clamped inside a steel box to promote 
structural integrity, and a clear path for the impactor to hit the target was incorporated. 
   
  
Figure 4.3: Photographs of initial restraint methods; (a) ballistic nylon; (b) ballistic film; (c) ArmourCoat ballistic film;    
(d) salt; (e) gelatine; (f) control 
After subjecting the nylon-covered tile to ballistic impact, one side of the nylon was found to be 
unattached and much of the fragmented material escaped through this gap, although some fragments 
remained stuck to the nylon at the centre. The ballistic film and ArmourCoat ballistic film similarly 
showed little in the way of confinement. The salt restraint system was superior at capturing fragments, 
although a significant amount of salt/fragment mixture escaped through the hole through which the 
bullet entered. 
The gelatine system was not only the most proficient at capturing fragments but also maintained the 
final post-impact positions of the fragments. Ejecta patterns could be seen through the thickness of 
the gel; changes in these patterns between different materials could offer additional information on 
their behaviour during the ballistic event. Moreover the extent to which fragments penetrate the gel 
is indicative of the kinetic energy they had, which again may be characteristic of the material. 
There were a number of ways the preliminary design could be improved, however; material from the 
centre escaped through the central hole, and a more transparent gel would be useful in order to better 
observe the fragments captured within. Further, the gel began to degrade soon after testing, so a 
more biologically inert material would be preferable. Developments on the design are detailed in the 
next section. 
4.2.3 Development of Fragment Restraint Method 
The gel fragment restraint method went through additional design iterations to maximise the amount 
of information obtained. A clear ballistic gel, known as PermaGel, was used for subsequent tests; the 
(a) 
(e) (d) 
(b) (c) 
(f) 
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transparency of the material assisted with qualitative evaluation, and no signs of biological 
degradation, even after several years, have been reported.  
For the second round of testing, PermaGel blocks were cast into 100 x 100 x 40 mm blocks, with a 
central 30 mm diameter hole for projectile access. The blocks were fixed to ceramic system targets 
with ArmourCoat film instead of a steel box; the advantage of this method is that high-speed cameras 
can be used to observe the impact and provide more information on the ballistic event. Three samples 
each of three different ceramic materials were tested; Sintox CL alumina, Hexoloy SA silicon carbide 
and 3M B4C boron carbide; the samples are shown in Figure 4.4. Sintox CL was used during this stage 
due to supply issues with Sintox FA. 
 
Figure 4.4: Photograph of second round samples; 3M B4C (back row); Hexoloy SA (middle row); Sintox CL (front row) 
Samples were tested with an APM2 bullet fired at 1000 m s-1. Figure 4.5 shows a sequence of images 
of a Sintox CL test captured using a high-speed camera with a frame rate of 54,000 frames per second 
(fps) which show different states in the ballistic event; Figure 4.5(a) shows the bullet approaching from 
the right side of the image frame as it passes through the ArmourCoat layer before it strikes the 
ceramic in Figure 4.5(b), emitting a flash of heat and light as it does so. Figure 4.5(c) shows radial 
cracks in the ceramic surface and fragments entering the gel at high speed. The optical properties of 
the gel are changed as shockwaves reverberate through it in Figure 4.5(d). Finally, dust and fine 
ceramic particles escape through the entry hole in an expanding cloud, as seen in Figure 4.5(e – f) 
which obscures future images. In these last images the extent of fragment penetration in the gel is 
also seen to be more profound.  
The flash of light and heat shown in Figure 4.5(b) is known as the ballistic flash (Mansur, 1974). It 
occurs as a two-stage process; first, a short-duration flash caused by release of mechanical stresses is 
seen, which is followed by a longer flash as debris is heated by aerodynamic drag and shock interaction 
(Pyles & Disimile, 2011). Methods for quantifying the brightness and temperature of this phenomenon 
so that parametric investigations may be carried out are still in development (Schuster et al., 2015, 
Henninger, 2010), but the current observations indicate that the Sintox CL emits a duller flash than 
that of the carbide ceramics, as shown in Figure 4.6. These initial observations suggests that the 
carbide ceramics dissipate more energy through these heat and light mechanisms than Sintox CL. 
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Figure 4.5: High-speed video images of Sintox CL ballistic gel test;  
(a) 0 ms; (b) 74 ms; (c) 111 ms; (d) 148 ms; (e) 240 ms; (f) 500 ms 
   
Figure 4.6: High-speed video images of unrestrained samples upon impact; (a) Hexoloy SA; (b) 3M B4C; (c) Sintox CL 
(a) 
(f) (e) 
(d) (c) 
(b) 
(a) (b) (c) 
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Apart from the Hexoloy SA, in most of the tests the gel block detached from the armour system during 
the ballistic event, causing fragments and therefore information to be lost. It is unclear why this 
occurred; suggestions include the behaviour of reflective shockwaves through the system, or the 
volume of ejecta penetrating into the gel caused the ArmourCoat covering to tear. Further, as shown 
in Figure 4.5 a large number of dust fragments were lost through the central hole.  
 
Figure 4.7: Photographs of through-thickness views of second round samples; (a) Hexoloy SA; (b) Sintox CL; (c) 3M B4C 
Figure 4.7 shows through-thickness views of samples from each of the three materials. As previously 
mentioned it may be possible to see differences in the ejecta patterns between the different materials, 
which could provide information on the mechanisms taking place during the ballistic event. Initial 
energy-dispersive X-ray (EDX) analysis using a JEOL JSM 6490LV scanning electron microscope with an 
Oxford Instruments INCA Energy Dispersive Analysis system with Si(Li) detector indicated that these 
ejecta trails were primarily composed of lead and fine ceramic fragments, with the concentration of 
(c) 
(b) 
(a) 
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ceramic increasing with proximity to the tile. This is shown in Figure 4.8. Central cross-sections of the 
second round samples were obtained by encasing the gel blocks in resin and sectioning using water-
jet cutting, and are shown in Figure 4.9. However, once the sections were compared visually with each 
other no distinctive shapes could be determined, even after additional opinions were sought in a blind 
test.  
 
  
Figure 4.8: SEM micrograph and EDX analysis of ejecta trail of Hexoloy SA sample with the number of the specimen 
corresponding to the location marked in the micrograph. Fragments of silicon carbide (1 and 2) are detected, and the 
trial itself consists of fine silicon carbide, lead, copper and iron fragments from the projectile (3 and 4) 
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Figure 4.9: Photographs of second round sample gel block cross-sections; (a) 3M B4C; (b) Hexoloy SA; (c) Sintox CL 
In order to improve the fragment containment further, a third round of testing was carried out. In 
these experiments, the PermaGel block was again bonded to the tile using ArmourCoat but was also 
contained within a steel box, and the top of the sample was covered with a 1 mm thick rubber sheet 
to inhibit material leaving through the entry hole. The entry hole itself was also decreased in diameter 
to 25 mm, and additional samples were constructed without an entry hole altogether to observe the 
effects. A comprehensive account of sample creation is given in Appendix B. The sample construction 
is shown in Figure 4.10; tests were carried out on six 100 x 100 x 8 mm samples from each of the three 
baseline materials defined in Chapter 3; one with a hole and one without a hole per baseline material.  
 
 
 
(a) 
(b) 
(c) 
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Figure 4.10: Photographs of third round sample construction; (a) system with PermaGel and rubber cover; (b) foam layer 
used to provide compression between system and steel box; (c) steel box encloses sample; (d) ballistic test set-up 
This round of testing was very successful. In all of the holed samples tested it appeared that a large 
amount of material was captured and very little was lost through the entry hole. Side views of samples 
are shown in Figure 4.11, although image quality is diminished due to the reflectivity of the plastic 
cover necessary to protect the gel samples and prevent contamination. The samples shot without 
entry holes, shown in Figure 4.12, were less successful; the gel was difficult to remove from the steel 
box after testing; it is thought that this was due to expansion of the gel as the bullet passed through 
it. In some cases the composite backing detached before the gel was dislodged, causing loss of data 
as fragments spilled out and requiring a re-test. Further, in the case of the boron carbide without a 
hole the shot completely penetrated the system.  
By preserving the final locations of fragments after their ballistic tests, information on the 
characteristics of fragments in relation to their distance from the centre of impact can be obtained. 
Fractography can provide information on the mechanisms of fragment creation, and these may 
change based on where they originated from in the system. However, it must be remembered that 
the locations from where fragments were recovered may not necessarily be from where they 
originated. As information on the fracture surfaces of fragments generated from ballistic tests were 
to be compared with fragments from biaxial disc testing, the creation of the latter is detailed in the 
following section. 
(b) 
(d) (c) 
(a) 
 42 
 
 
 
 
Figure 4.11: Photographs of the through-thickness view of third round samples; (a) Hexoloy SA; (b) Sintox FA; (c) 3M B4C 
 
 
(a) 
(b) 
(c) 
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Figure 4.12: Photographs of through-thickness view of third round samples without entry holes; (a) Hexoloy SA; (b) 
Sintox FA; (c) 3M B4C 
4.3 BIAXIAL DISC TESTING 
4.3.1 Introduction 
As described in Chapter 2, the strain rate induced in an armour system by a fired projectile is known 
to decrease with distance from the point of impact. Therefore, it is suggested that fragments obtained 
from quasi-static test conditions may be comparable with ballistic fragments recovered from the 
edges of the ballistic tile (Karandikar et al., 2008). Whilst multiple quasi-static tests for fracturing 
samples exist, such as 4-point bending or tension, biaxial disc testing was chosen due to the similarities 
with ballistic testing in terms of fracture conditions (Wereszcak et al, 2005, Nie et al., 2010, 
Strassburger et al., 2013), and also due to the large volume of fracture surface area generated. 
(a) 
(b) 
(c) 
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Biaxial samples are reported to undergo a combination of radial and tangential stresses, the latter of 
which account of up to 90% of the total stress (Salem & Jenkins, 1999). One of the main advantages 
of biaxial fracture testing is that the effect of sample machining damage is reduced; the edges of a 
machined sample are likely to contain chips or other defects that act as stress concentrators, but in 
biaxial disc testing these are placed outside the primary stress field. However the condition of the 
sample surface on the tensile side must be considered, and if a test configuration involving steel balls 
in either a loading or supporting capacity is chosen then Hertzian crushing must be taken into account. 
A disadvantage of biaxial fracture testing, besides the uncertainties associated with it, is that some 
configurations such as ring-on-ring testing require the test piece to be completely flat to reduce stress 
concentrations in the surface. This can be mitigated by using a thin rubber sheet between the sample 
and the support ring, which also relives frictional effects between them to an extent (Morrell, 2007). 
There are a variety of different configurations available for biaxial disc testing depending on what is 
used to support the disc and what is used to fracture it, which can take the form of steel balls, rings 
or plates. A selection of test configurations are shown in Figure 4.13. 
 
Figure 4.13: Diagrams of different biaxial disc or plate testing configurations; (a) ring support/ring load (ring-on-ring); (b) 
3 ball support/ball (or piston) load; (c) ring support/pressure load (after Morrell, 2007; courtesy of NPL) 
(a) 
(b) 
(c) 
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4.3.2 Methodology 
For these tests, a ring-on-ring configuration was selected due to the more uniform stress fields 
generated and the comparability with stress fields generated in a tile under ballistic impact. 15 
samples of Sintox FA and 3M B4C were supplied by the manufacturers. The dimensions of these 
samples were 36 mm diameter and 4 mm thickness. 50 x 50 x 3 mm tiles of Hexoloy SA were supplied 
by Saint-Gobain, and a coring drill was used to cut out discs of 36 mm diameter from these samples. 
All disc samples were sequentially polished to 1 µm on one circular face, which was subsequently 
placed in tension during the test. Whilst it could be argued that by reducing the surface flaws through 
polishing, the flexural strength, and by extension the strain energy is increased, and this would lead 
to an increased degree of cracking when fracture occurs. However, previous experiments showed that 
differences in failure stress, number of fragments and fracture surface area between polished and 
unpolished Hexoloy SA biaxial samples was minimal.  
The samples were fractured in accordance with BS 7253: Part 2, although the load rate was altered 
from 500 N/s to a crosshead speed of 1.65 mm/min to prevent fast-fracture. An Instron 4502 was used 
as the loading rig. The ring-on-ring rig itself consisted of a support ring of 30 mm and a loading ring of 
12 mm. A rubber disc of 0.5 ± 0.1 mm thickness was placed between the support ring and the sample 
and a paper disc was placed between the sample and loading ring to alleviate friction and account for 
out-of-planeness. This is shown in Figure 4.14. The maximum force applied before fracture was 
recorded, and post-fracture photographs were taken of the sample before each fragment was 
individually extracted using tweezers and wrapped in aluminium foil to preserve the fracture surfaces.  
 
 
Figure 4.14: Photographs of ring-on-ring biaxial disc test set-up, (top) disassembled; (bottom) assembled 
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The biaxial failure stress σb was calculated using Equation 4.1 (after Morrell, 2007); 
𝜎𝑏 =  
3 (1 + 𝑣)𝐹
2𝜋𝑡2
[ln
𝑎
𝑏
+
(1 − 𝑣)(𝑎2 −  𝑏2)
(1 + 𝑣)2𝑅2
] 
Equation 4.1 
where F is the force, v is the Poisson’s ratio, t is the sample thickness, a is the radius of the support 
ring, b is the radius of the load ring and R is the sample radius. 
Once the fragments were obtained, the macro fracture surface area was calculated using photographs 
and ImageJ, a free image analysis software package. The top view of the fragments was photographed 
and the observed crack length measured before photographing the bottom of the fragments and 
measuring the observed crack length again. The macro surface area was then calculated as a trapezoid 
with a height equal to the sample height to account for undulations in the fracture surfaces.  
The Weibull modulus for biaxial failure m for the 15 samples of each material was also calculated. The 
probability Ps(V0) the jth sample in a batch a batch of N samples surviving a stress σ was calculated 
using 
𝑃𝑠𝑗(𝑉0) = 1 −   (
𝑗 − 3 8⁄
𝑁 +  1 4⁄
) 
Equation 4.2 
The results were subsequently plotted on a ln ln
1
𝑃𝑠𝑗(𝑉0)
= 𝑚 ln 𝜎𝑏 − ln 𝜎0 graph, where σ0 is the 
characteristic strength of the material. 
4.3.3 Biaxial Disc Testing Results and Discussion 
Examples of fractured discs are shown in Figure 4.15. Fracture origins can be identified at the point of 
convergence of the cracks, along the most continuous uninterrupted crack line (Morrell, 2007). By 
examining the Hexoloy samples at the convergence point the failure origin can be seen easily, even at 
lower magnifications as shown in Figure 4.16. It is difficult, however, to identify Sintox FA fracture 
origins even when examining using an SEM, as shown in Figure 4.17; pinpointing any single fracture 
surface feature that can be identified as the fracture origin is challenging, as the samples appear to 
lack the typical mirror/mist/hackle features commonly associated with fracture surfaces.  
   
Figure 4.15: Photographs of top-view post-test biaxial disc samples; (a) Sintox FA; (b) Hexoloy SA; (c) 3M B4C 
(a) (b) (c) 
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Figure 4.16: Images of fracture origins of a Hexoloy SA biaxial disc sample; (a) reflected light microscope image; (b) SEM 
secondary electron micrograph 
 
Figure 4.17: SEM micrograph of fracture surface of Sintox FA biaxial disc sample 
3M B4C samples are similar to Hexoloy SA in that their origins can be traced, but in many of the samples 
material has been lost from the centre of the sample, as shown in Figure 4.18. This ‘cratering’ 
behaviour was seen in all 15 3M B4C samples, 4 out of 15 of the Hexoloy SA samples and 1 out of 15 
of the Sintox FA samples. The reasons behind this behaviour are currently unclear, although due to 
the high strength nature of the samples it is likely to be bifurcation, where the crack energy rises too 
quickly to be sufficiently released by a single crack. This is supported by the fact that the stress field 
in the biaxial sample changes as the cracks grow, which also contributes to bifurcation (Hull, 1999). 
(a) (b) 
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Figure 4.18: Photograph of 3M B4C biaxial sample exhibiting fragmentation in the centre 
Table 4.1 shows the results for biaxial stress, fracture surface area and Weibull modulus. The failure 
stress results are lower than typical values obtained from other quasi-static test (e.g. flexure strength) 
results from the data sheets, but this is expected (Morrell, 2007) due to the increased effective volume 
and flaw orientations under maximum stress (Bakas et al., 2004). However, of the three materials the 
3M B4C had the highest average failure stress and crack length and Sintox FA the lowest despite the 
fracture toughness of B4C being the lowest; this suggests that the critical flaws are smaller in the boron 
carbide. 
Furthermore, the calculated Weibull moduli for the materials are higher than data sheet values for 
Hexoloy SA and 3M B4C, which are 8 and 15, respectively (a value was not provided for Sintox FA) 
although caution must be exercised when comparing results from different testing conditions. A 
reason for this increased consistency could be the diminished influence of machining damage on 
samples.  
Table 4.1: Results for ring-on-ring biaxial disc testing of ceramics 
Material 
Thickness 
(mm) 
Average 
failure load 
(N) 
Average 
failure Stress 
(MPa) 
Average crack 
length (mm) 
Average fracture 
surface area 
(mm2) 
Weibull 
modulus 
Sintox FA 3.9 ± 0.1 5900 ± 800 250 ± 30 190 ± 20 730 ± 80 9 ± 1 
Hexoloy SA 2.0 ± 0.0 2700 ± 300 190 ± 20 270 ± 30 780 ± 100 12 ± 1 
3M B4C 4.1 ± 0.0 8000 ± 600 300 ± 20 300 ± 30 1232 ± 100 17 ± 1 
 
Whilst calculations of fracture stress, surface area and Weibull modulus are informative about the 
nature of the material, information on the creation of fragments under different conditions can be 
found through analysis of the fracture surfaces, which is pursued in Chapter 6. 
4.4 CONCLUDING REMARKS 
Fragments from both ballistic and biaxial tests were successfully obtained for Sintox FA, Hexoloy SA 
and 3M B4C. The ballistic fragment restraint method went through a series of design stages before a 
final method involving ballistic gel was utilised, which allowed the final position of fragments to be 
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recorded.  Also, biaxial failure stress, fracture surface area and Weibull modulus results were obtained 
for the three different materials. 
As described in the literature, fragment characteristics such as shape and size distribution contribute 
to the ballistic performance of the ceramic armour system, but more importantly they are 
symptomatic of the material behaviour when subjected to projectile impact. Fracture surface analysis 
can provide information on the circumstances of fragment creation and the mechanisms that take 
place during the ballistic event, and analysing fragments from different areas of the tile could exhibit 
differences in the fracture conditions. However, analysis of fragments using traditional techniques 
would require physical extraction, and doing so could damage the samples. Consequently, non-
destructive evaluation was first attempted, and this is described in the next chapter.  
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5 X-RAY COMPUTED TOMOGRAPHY OF SAMPLES 
5.1 INTRODUCTION 
Compared with a typical V50 test, the gel restraint systems described in Chapter 4 preserve much more 
information about the fragments generated in a ballistic event; differences between the materials in 
terms of fragment size, shape and fracture surface may be indicative of variations in their behaviour 
during ballistic impact. These characteristics can be quantified by physically extracting fragments, but 
this would necessitate destruction of the sample and potentially losing some information e.g. 
fragment position. 
Consequently, a study using X-ray computed tomography (XCT) was conducted to evaluate the 
potential of the technique as a non-destructive characterisation method. This work was carried out at 
the μ-VIS facility at the University of Southampton. As it was an expensive process using a specialist 
facility, it was not intended to be the final characterisation method. Rather, if the technique could be 
used to elucidate differences in fragmentation characteristics between the different ceramics, then 
this knowledge could then be applied to devise a more economically viable and readily available test.  
This chapter will begin by briefly explaining the background to XCT, including how it has been used in 
the past for ballistic studies. Since this is a comparatively new technique, a preliminary scan was 
carried out in order to ensure the feasibility of the test. Upon relatively satisfactory completion, a 
three-stage analysis was carried out on the ballistic/gel samples; low-resolution scan of the whole 
system, medium resolution scan of a single quadrant and high-resolution scan of the rubble pool. Due 
to the geometric nature of the resolution this required mechanical sectioning of the complex samples, 
which is also described in this chapter. The scan settings, data acquisition and analysis procedures are 
described later on in the chapter, and finally conclusions as to whether or not this is a suitable 
technique for analysing the ballistic samples are presented. 
5.2 BACKGROUND INFORMATION ON XCT 
XCT was developed in the 1960s and 70s, and consists of taking X-ray images of a sample from different 
angles, obtained by rotating the sample as shown in Figure 5.1; these images are then combined to 
give a 3D representation. A typical scan usually takes 3000 projections, and depending on the settings 
it can reach a spatial resolution of 10 - 100 nm, although resolution is inversely proportional to the 
field of view. This is demonstrated in Figure 5.2; the X-ray source is moved closer to the sample to 
increase resolution, but then the backplate detector must be moved (or multiple backplates 
introduced) in order to capture the same area, which greatly increases scanning time. 
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Figure 5.1: Diagram of XCT set-up (after Bull, 2013) 
 
Figure 5.2: Diagram of higher resolution XCT scan set-up (adapted from Bull, 2013) 
From XCT data it is possible to quantify many characteristics e.g. particle size and shape, void volume 
fraction and crack length. In addition, physical tests e.g. tensile testing can be carried out within the 
XCT while the sample is being imaged to allow evaluation of samples during fracture. It is also possible 
to export scanned artefacts into finite element analysis software (FEA) to gather additional 
information on e.g. deformation behaviour (Bull, 2013).  
XCT has been proven to be useful in the study of samples that have experienced a ballistic impact 
event. It has been used to qualitatively evaluate damage in a wide range of ceramic targets against 
different penetrators, such as confined targets (Wells et al., 2007) and flexible ceramic armour (Wells 
et al., 2009), as shown in Figure 5.3 and Figure 5.4, respectively. XCT can be used to differentiate 
between artefacts of different materials on the basis of density, as shown in Figure 5.3; impact-
induced voids are identified and highlighted in red. 
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Figure 5.3: XCT images of confined TiB2 target impacted with long-rod penetrator (after Wells et al., 2007) 
 
Figure 5.4: XCT images of mosaic ceramic armour impacted by 7.62 mm bullet (after Wells et al., 2009) 
It was hypothesised that XCT evaluation of the third set of ballistically tested gel samples, described 
in Chapter 4, would reveal differences in the fragmentation behaviour between the different ceramics. 
Because samples such as these had never been analysed using XCT before, a proof-of-concept trial 
scan was carried out using a sample of boron carbide from the second round of testing to ensure that 
the samples would be compatible with the procedure, and that suitable data could be obtained. 
5.3 PRELIMINARY SCAN 
Currently there are no standards that exist for XCT and few guidelines, so a preliminary proof-of-
concept scan was necessary in order to assess the suitability of XCT as a technique. Figure 5.5 shows 
a boron carbide/gel sample that was obtained during the second round of testing, as described in 
Chapter 4. A 3M B4C sample was selected due to its lower density than Sintox FA and Hexoloy SA, 
making it potentially the most challenging to differentiate from the gel during scans.  
The sample was placed in the XCT scanner and scanned at 80 μm resolution to capture the entire 
sample. The process took approximately 1 hour to complete, and the sample did not show any visible 
signs of change despite the irradiating conditions. 
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Figure 5.5: Photographs of ESK B4C second round of testing gel sample; (a) bottom view; (b) through-thickness view 
The results supplied by the XCT were displayed in the form of a demonstration video; examples of 
snapshots are shown in Figure 5.6. A comparison between the scan and the physical sample is shown 
in Figure 5.7; the red and green outlines indicate the same fragments found in both images, whereas 
some fragments were loose in the sample bag and attached themselves to the outside of the gel, as 
indicated by the yellow circle. Finally, it is possible for the XCT to distinguish particles based on their 
density, which can indicate whether material is part of the ceramic target or the metal projectile, as 
shown in Figure 5.8. 
 
Figure 5.6: XCT images of scanned boron carbide/gel sample in different orientations 
(a) 
(b) 
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Figure 5.7: Comparison of (a) physical boron carbide/gel sample with (b) scanned XCT image  
 
Figure 5.8: XCT image displayed fragments according to density; high (yellow) and low (red) 
The scan data were then exported to analysis software Avizo Fire 8, where information about the 
individual particles was extracted and analysed. Initial analysis showed promise, although it quickly 
became apparent that 80 µm resolution was insufficient for analysing the central plume of material; 
the XCT registered this as a single body, whilst in reality it consists of many smaller particles. 
Consequently a multi-stage analysis process was proposed for each sample; a low-resolution scan of 
the whole sample, a medium-resolution scan of a single quadrant and a high-resolution scan of the 
central rubble pool. The low-resolution scan would provide information on the whole system and give 
context to the analysis, which is very useful for qualitative analysis and establishing large-scale 
differences between the ceramics. Since the quantifiable information obtainable from low-resolution 
scans would be of limited use, a medium-resolution scan would obtain more detailed information on 
a single quadrant of the system, which could then be extrapolated using symmetry conditions to 
model the whole sample. From earlier sieve analysis it was known that particles as small as 10 µm are 
generated in the ballistic event, but due to the geometric nature of the resolution only a small area 
can be analysed for such a comparatively fine scan. Hence the final high-resolution scan focussed 
primarily on the rubble pool formed directly beneath the point of impact, as it is expected that most 
of the fine particles will originate from there. 
(a) (b) 
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The low-resolution scan was carried out first, as for subsequent analyses mechanical sectioning of the 
samples was required. Due to the complex nature of the samples a number of different approaches 
were attempted, and these are described in the next section. 
5.4 MECHANICAL SECTIONING OF BALLISTIC SAMPLES 
XCT scans achieve higher resolution by using a smaller field of view. While it is possible to focus the 
scanning spot on a particular area of interest, better data are obtained by using smaller samples; as 
the sample turns there is less obstruction from surrounding material, which would increase noise and 
obscure detail. Sectioning the ballistic samples was complex due to the multi-phase nature; within 
each sample there are ceramic fragments, glass-fibre composite backing, ballistic gel restraint, metal 
bullet shards and plastic covers. Water-jet cutting was attempted, which, while successful on previous 
second round samples, was unable to cleanly penetrate the ceramic system and destroyed the gel in 
the surrounding area for third round samples.  
Infiltrating the samples with epoxy resin was carried out in order to promote structural integrity and 
preserve the position of fragments. Doing this immediately from mechanical cutting, however, was 
not successful, as the resin had not fully infiltrated the sample and a great many fragments became 
detached. Further, the gel adhered to the saw blade, causing it to tear and shred, and losing additional 
fragments. After several iterations, a suitable sectioning method was finalised incorporating several 
steps, as described in Table 5.1. 
Table 5.1: Method for mechanical sectioning of ballistic/gel samples 
Stage Task 
1 Samples were infiltrated with epoxy resin 
2 The low resolution scan of each sample was carried out (explained further in section 5.3). 
Images from the scan were used to identify cavities that the resin had not filled, as shown 
in Figure 5.9. 
3 The cavities were accessed by boring a hole through the gel, and then filled with low-
viscosity resin. Sufficient resin was used to fill the cavity and overflow to form a thin 
protective layer on top of the gel. Further, the resin used required heat up to 50°C to cure 
properly; the sample was constrained laterally during this process to prevent gel melting 
and flowing. 
4 Once the resin was cured, a small saw was used to cut through the top layer of resin. 
Samples were cut off-centre in order to preserve the Mescall Zone for further analysis, and 
also because data at the very edges of a scan are less reliable. By cutting off-centre the 
edges could be disregarded during analysis. 
5 The gel was cut through the entire thickness along the same lines as the small saw cut using 
a thin blade. Once done, a thin piece of card was inserted into the cut to prevent the gel 
from closing up again, as shown in Figure 5.10. 
6 A diamond-edge circular saw was used to section the ceramic, resin and composite along 
the same cut lines. 
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Figure 5.9: Identification of voids using low-resolution XCT scans; (a) original image; (b) highlighted void 
 
Figure 5.10: Photograph of ballistic/gel Sintox FA sample with gel cut and separated using card 
The sectioned samples are shown in Figure 5.11. By examining the cross-sections shown in Figure 5.12 
it was possible to see quite significant differences in the fragmentation of Sintox FA compared with 
3M B4C and Hexoloy SA; Sintox FA fragments appeared much ‘blockier’ with an almost bimodal size 
distribution, whereas the carbide samples had a wider distribution of fragment sizes. It is also possible 
to see thin light grey lines along the edges of some fragments indicating the presence of adhesive. The 
random orientation of such lines indicate a great deal of churning and turning of fragments. 
  
Figure 5.11: Top-down photographs of sectioned ballistic/gel samples; (a) Sintox FA; (b) Hexoloy SA, (c) 3M B4C 
(b) (a) 
(a) (b) (c) 
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Figure 5.12: Photographs of cross-sections through sectioned samples; (a) Sintox FA; (b) Hexoloy SA; (c) 3M B4C 
5.5 DATA ACQUISITION 
5.5.1 Scanning of Samples 
A series of preliminary trials were carried out to determine the optimum accelerating voltage; too low 
and they will not penetrate the system, but too high and contrast between different materials will be 
lost. The accelerating voltage was eventually set at 350 kV. 
During the trials it became apparent that the composite backing was very X-ray absorbent, potentially 
reducing the amount of data obtainable. This was offset by scanning the samples at an angle to reduce 
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the interference of the backing, as shown in Figure 5.13(a) for full-size samples and Figure 5.13(b) for 
sectioned samples. The samples were supported by a plastic tube and plastic foam, which were very 
easily penetrated by the X-rays. For the high resolution scans, the samples were angled to increase X-
ray access to the Mescall Zones, as shown in Figure 5.13(c). 
 
Figure 5.13: Photographs of ballistic/gel samples scanning in the XCT; (a) low resolution; (b) medium resolution; (c) high 
resolution 
Scan time per sample for low resolution was approximately 1 hour, approximately 4 hours for medium 
resolution and 6 hours for high resolution. The resolutions obtained were 94 µm, 54 µm and 10 µm 
for low, medium and high resolution scans, respectively. 
5.5.2 Thresholding 
The data obtained were collected into raw data files using Fiji image analysis software and then 
transferred into Volume Graphic Studios Max 2.1. This program was used to visualise the data and, in 
the case of mid- and high-resolution samples, select the areas of interest. This was done by analysing 
the density histogram, an example of which is shown in Figure 5.14 . The x-axis is a measure of the 
density of materials detected represented as a ‘grey value’; low density objects are penetrated by 
more x-rays and consequently show up darker on the XCT scan, and high-density objects block more 
x-rays and show up as lighter regions. The lowest and highest grey values are given as 0 and 255, 
respectively.  The y-axis represents voxel count, which is analogous to a 3D pixel; the higher the peak, 
the more voxels are detected and therefore the more of a single material is present. Figure 5.14 shows 
how this can be used to selectively analyse individual materials or groups of materials.  
 
 
 
 
 
 
 
(a) (b) (c) 
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Figure 5.14: Selection of material from medium-level XCT scan via thresholding; (a) original image; (b) ceramic 
highlighted, (c) bullet highlighted 
By using this technique to eliminate the gel, plastic covers and composite backing, informative images 
and videos of the systems can be obtained from the low resolution scans as shown in Figure 5.15. In 
these images the presence of Sintox FA, Hexoloy SA, 3M B4C and metal bullet are represented as 
coloured regions of green, blue, red and yellow, respectively. These can provide a great deal of 
qualitative information about the systems. For example, the backplate deformation is much more 
(a) 
(b) 
(c) 
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concentrated in the Sintox FA system, indicating its inferior ballistic performance when compared with 
the other materials. 
 
 
 
Figure 5.15: XCT images of ballistic samples: (a) Sintox FA; (b) Hexoloy SA; (c) 3M B4C 
5.5.3 Quantification of Samples 
While it is beneficial to visualise the whole sample, the quantitative information obtained from the 
low resolution scan was unreliable; from earlier sieve analysis, fragments as small as 10 µm are 
expected, which are too small to be distinguishable at this level of resolution. This is best 
demonstrated by Figure 5.16, which shows each individually analysed object as a distinct colour; 
notice that the middle plume, which is in fact a mass of closely packed small particles, has registered 
as a few large bodies. 
(a) 
(b) 
(c) 
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Figure 5.16: Graphical representation of low-resolution XCT scan of 3M B4C tile 
Whilst quantitative analysis of the low-resolution scan stopped here, the medium-resolution scans 
were transferred to Avizo Fire 8 for processing, as described in Table 5.2.  
Table 5.2: Method for acquiring quantitative data from XCT 
Stage Task 
1 Assign threshold. This step subjectively indicated which materials were to be analysed 
based on grey level. This is shown in Figure 5.14. 
2 Apply filter. This step was not always necessary, but often the boundary between materials 
was not clear and thresholding roughened the surfaces. A filter was applied to smooth out 
objects which would otherwise give inaccurate results. 
3 Separate particles. This process shrinks objects until their boundaries no longer overlap, 
and then regrows them to their original size but maintains the border separation, as shown 
in Figure 5.17. This process required a measure of trial and error; if there was not enough 
separation then the particles blurred into one another, but if there was too much then 
smaller particles were shrunk so much that they disappeared altogether. 
4 Label analysis. Avizo is capable of quantifying the different particles in a large number of 
ways, but for the purposes of this investigation particles were analysed in terms of volume, 
surface area, X/Y/Z co-ordinates and grey level. The resulting data were then exported into 
a Microsoft Excel file. 
 
   
Figure 5.17: Separation of fragments in Avizo Fire 8; (a) original image; (b) thresholded image; (c) thresholded 
and separated image 
(c) (b) (a) 
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At this point, further analysis was required. This process created thousands of data points, a great 
deal of which were ‘noise’ or ‘bad data’, which needed to be eliminated. This was done by 
calculating the sphericity, S, for each fragment using Equation 5.1; 
𝑆 =  
36𝜋 𝑉2
𝐴3
 
Equation 5.1 
where V is the fragment volume and A is the fragment surface area. For a perfect sphere S = 1, and for 
every other shape S < 1. For many of the smallest recorded objects S > 1, which is a geometric 
impossibility and is therefore likely to be associated with bad data. Many data points were eliminated 
this way. 
In addition to this, objects which were recorded as V ≤ 5r, where r is the resolution, were typically 
regarded as being so small as to be unreliable. For higher accuracy, objects where V < 27r3 
(representing a 3r x 3r x 3r cube) were eliminated, as these objects would be so small as to be 
indistinguishable in shape from one another (Ahmed, 2014). However, the initial step of deleting data 
points where S > 1 often accounted for these small points as well. 
Finally, the X/Y/Z co-ordinates of the data points were plotted to identify any obvious discrepancies. 
For example in Figure 5.18 there is a region at the bottom of the graph consisting of a straight line of 
points; since it was impossible for there to be any ceramic or bullet fragments at that location it was 
likely that they represented a piece of the composite backing which was not successfully 
threshold/sectioned out, and so were deleted. Plotting all the points on scatter graphs was also used 
to determine the centre of impact. 
 
Figure 5.18: Scatter graph of recorded centroids of fragments for 3M B4C 
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5.6 DISCUSSION OF TECHNIQUE 
5.6.1 Low Resolution Scans 
Scans were carried out successfully at resolutions of 94 µm over the whole sample, as shown in Figure 
5.19, and 54 µm for a single quadrant. 3142 projections were taken for both scans. The low resolution 
scan recorded 2136 fragments for 3M B4C, 3586 fragments for Hexoloy SA and 3647 fragments for 
Sintox FA; this is contrary to expectations as from observing the photos in Figure 5.12 it was predicted 
that Sintox would have the lowest number of fragments, and the carbides significantly more. 
During the analysis of 3M B4C the low contrast between the ceramic and the composite, as shown in 
Figure 5.19(a), made it impossible to satisfactorily separate out the two materials based purely on 
their grey values, as was done in Figure 5.14, and due to the contoured shape of the backplate it 
required a time consuming process to delete it slice-by-slice from the scan. The low contrast was 
exacerbated by the presence of dense metal bullet; the difference in density between the metal and 
the lighter ceramic and composite materials was so large that to proportionately show the variation 
the grey scale histograms became highly skewed, with the light materials compressed together with 
low contrast at one end and the dense metal at the opposite.  
Consequently, the line between ceramic and composite had to be established by eye which introduced 
a degree of subjectivity. The lower number of 3M B4C fragments than expected could possibly be 
attributed to scraps of composite, missed by the manual sectioning, connecting ceramic fragments 
together, computationally registering them as a single fragment. Alternatively ceramic fragments 
could have been erased during removal of the composite.  
Several attempts were made to devise computational algorithms to automate the process, or use the 
layer of high-density bullet fragments at the ceramic/composite interface to establish a representative 
surface, but these would have taken more time to create than they would have saved for a single 
sample. If multiple samples were being analysed then it would be worth investing more time into 
creating an algorithm.  
For other materials, it was observed that contrast between denser Sintox FA ceramic and metallic 
bullet fragments was low, as shown in Figure 5.19(c). However the difference in grey values between 
Sintox FA and bullet was not as small as that found in 3M B4C and composite.  
Besides the counter-intuitive fragment count, the total recorded volume was 92,000 mm3 for 3M B4C, 
83,000 mm3 for Hexoloy and 101, 000 mm3 for Sintox. The volume of an intact 100x100x8 mm tile is 
80,000 mm3; the XCT recorded an increase of volume by 15%, 3% and 26% for 3M B4C, Hexoloy and 
Sintox, respectively. This error is increased further when it is considered that some material would 
have been lost via ejecta through the bullet entry hole. Reasons for this and actions taken to address 
it are discussed later in this section. 
As well as the issues with fragment volume and number, no distinctive information could be obtained 
using the value for sphericity S, as described in Equation 5.1; all of the materials showed the same 
relationship between sphericity and volume. It is known from previous work that a single factor is 
insufficient to comprehensively describe a shape, but attempts to assign additional shape factors (i.e. 
convex hull, or ellipsity) to the fragments resulted in system errors due to the high computational 
power required. Analysis of a representative sample of the system could be carried out to circumvent 
this, but it should be established whether such results would be worth the time and effort it would 
take to obtain them. 
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Figure 5.19: Low resolution XCT scans; (a) Sintox FA; (b) Hexoloy SA; (c) 3M B4C 
5.6.2 Medium Resolution Data 
XCT representations of the scans carried out at 54 µm resolution are shown in Figure 5.20, where high-
density bullet fragments are visualised in yellow. As with the low resolution scans, to obtain data the 
composite backing for 3M B4C had to be sectioned off slice-by-slice for analysis. 
(a) 
(b) 
(c) 
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The total number of fragments for Sintox FA, 3M B4C and Hexoloy SA was 2592, 2764 and 5741, 
respectively. This is an increase of 40% for Sintox, 30% for 3M B4C and 60% for Hexoloy SA compared 
with the low resolution scans. As the resolution increases it is expected that more fragments will be 
identified, but it is interesting that this increase has been much more profound in Hexoloy SA, whereas 
with 3M B4C only slightly more fragments than Sintox FA were recorded despite the evidence in Figure 
5.12, which suggests that the difference should be more significant. 
 
 
 
Figure 5.20: XCT visualisations of 54 µm scans of system quadrants; (a) Sintox FA; (b) Hexoloy SA; (c) 3M B4C 
(c) 
(a) 
(b) 
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As with the low-resolution scan there is an issue with recorded volume; the expected total volume is 
less than 20,000 mm3, but the total recorded volume was 25,000 mm3 for 3M B4C, 21,000 mm3 for 
Sintox and 22,000 mm3 for Hexoloy, resulting in increases of 22%, 3% and 10%, respectively. No solid 
conclusions can be obtained using the XCT data until these errors are addressed and resolved. 
5.6.3 High Resolution Scans 
Scans of the central rubble pool directly beneath the impactor were carried out at 10 µm resolution. 
Figure 5.21 shows typical images obtained from the scans. The image quality was too low to 
successfully apply any form of computational analysis. It has been suggested that this is because the 
scan was executed too quickly which has blurred the results; possible solutions to this include carrying 
out a longer scan with more projections, although this increases cost, or mechanically sectioning out 
the area of interest to reduce interference. However even if these were attempted it is likely there 
would still be issues involving expected volume and contrast between materials as found in scans at 
other resolutions. Further, whilst the 10 µm resolution was determined from earlier sieve analysis of 
ballistic fragments, this may be insufficient to properly analyse the rubble pool. 
 
Figure 5.21: Images from high-resolution XCT scans 
5.7 MODIFICATION OF TECHNIQUE 
5.7.1 Introduction 
As shown in the previous section, the total recorded volume of ceramic fragments in all of the samples 
was larger than physically possible, suggesting that the data obtained were unreliable. It was predicted 
that the high compaction of fragments in the rubble pool made it difficult to separate out the materials 
from each other. This also highlighted the fundamental issue with XCT, in that it could not be taken 
for granted that the output information was truly representative of the sample. Breaking down the 
sample offered an opportunity to extract fragments for manual analysis in order to compare the 
results with XCT, but a number of methods were attempted to improve the quality of data before the 
samples are destroyed. 
5.7.2 Threshold Manipulation 
As demonstrated in Figure 5.14, exactly what is analysed by the XCT software is determined by the 
size and boundaries of the threshold, which isolates individual materials by their grey value and is in 
turn affected by the material density. This threshold was assigned by eye, and in the case of materials 
with low contrast in close proximity to one another it was difficult to conclude where one material 
ended and the next began. This was exacerbated by the pixel-based nature of detection; if the 
surrounding pixels at the edge of an artefact were bright enough, they could influence nearby pixels 
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to falsely register as bright. This is known as the partial volume effect (Ahmed, 2014). It is 
demonstrated in Figure 5.22; if there were a distinct boundary between artefact and background there 
would be a step change in grey value, but instead there is a gradient. This results in a false increase in 
volume of particles. 
      
Figure 5.22: Partial volume effect on Hexoloy; (a) XCT image of fragment edge; (b) grey values along yellow line 
The effect of the threshold is demonstrated in Figure 5.23. The original threshold for Sintox FA was 
101 – 153 (out of a possible 0 – 255), which yielded a total volume of 101,000 mm3. As the expected 
volume is under 80,000 mm3, this suggests that additional material has been included in the analysis 
and therefore the threshold is too wide. By decreasing the size of the threshold to 110 – 153 a total 
volume of 82,000 mm3 was yielded which is much closer to original estimations. This is illustrated in 
Figure 5.23 by the revelation that the large fragments in the corners have broken down into several 
smaller fragments due to the tighter threshold. 
     
Figure 5.23: Effect of threshold on fragment distinction on Sintox FA; (a) threshold 101 – 153; (b) threshold 110 – 153 
Despite this improvement in results it still is not possible be certain that what is analysed is truly 
representative of the sample. However using this new improved threshold for each material it would 
logically be possible to take these settings that obtain reasonable results for low-resolution scans and 
apply them to the finer resolution scans. The advantage of this was that the entire tile is included in 
the low resolution scan and therefore the expected dimensions of a full tile could be used to calibrate 
the settings, whereas it could not be certain whether the medium-resolution scan had genuinely 
analysed an exact quarter i.e. 20,000 mm3.  
Unfortunately, in practice, even though (with the exception of the resolution) every setting in the XCT, 
such as accelerating voltage, was kept constant between high, medium and low resolution scans, there 
are uncontrollable factors in the instrumentation that change the outcome of the scan, such as x-ray 
(a) (b) 
(a) (b) 
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filament decay and detector response. This is indicated in the difference between the histograms for 
the same material shown in Figure 5.24; if the two histograms were identical then the scans would be 
comparable and the same analysis settings could be used for both, but this is not the case. This 
unfortunately means that the accuracy issues are unlikely to be solved solely through threshold 
manipulation. There are other possible methods, however, such as trainable segmentation. 
 
 
Figure 5.24: Greyscale histograms of Hexoloy SA; (a) low resolution scan; (b) medium resolution scan 
5.7.3 Trainable Segmentation 
Trainable segmentation is a method which allows the user to take a single slice of the XCT scan and 
classify regions of pixels as separate materials, such as composite, ceramic, metal, etc.. The software 
then classifies the voxels throughout the entire dataset based on the selections and pre-determined 
criteria. This method is reported to yield results more closely matching the physical sample than 
simple threshold manipulation (Ahmed, 2014). 
Figure 5.25 shows a single slice of Hexoloy SA where individual materials have been highlighted. The 
software is capable of analysing only five materials at a time, and since the background must be 
classified as well this would involve a multi-stage process of eliminating materials one-by-one.  
 
Figure 5.25: Assignment of materials in trainable segmentation; green – metal, purple – gel, rubber, epoxy, red – 
ceramic, dark blue – composite, light blue – background  
(a) 
(b) 
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Figure 5.26 shows the result of computationally classifying the materials through the single slice. It 
became apparent that this classification was unsatisfactory; there was insufficient separation between 
ceramic particles in the rubble pool, and some materials were misclassified. Using a different 
combination of classification criteria did not greatly improve results, as shown in Figure 5.27; the 
compaction between materials is too extensive for any combination of parameters to computationally 
separate them. This outcome rendered trainable segmentation as an unsuitable method for 
computational analysis of these samples, even at higher resolutions.  
 
Figure 5.26: Computational classification of materials in XCT scan of Hexoloy SA 
 
Figure 5.27: Computational classification of materials using different criteria 
The data obtained by the XCT was regarded as unreliable due to implausible results, such as an 
increase in volume. Attempts to improve the data using threshold manipulation or trainable 
segmentation did not greatly improve the results; the comminution of the fragments in the rubble 
pool and the large difference in densities makes satisfactory segregation of different fragments and 
materials impossible under the current conditions. 
 
 
 
 70 
 
5.8 SUMMARY AND CONCLUDING REMARKS 
X-ray computed tomography scans were carried out on the ballistic/gel samples. Low, medium and 
high resolution scans were carried out on the whole sample, a single quadrant and the rubble pool, 
respectively, necessitating mechanical sectioning which was achieved using a combination of cutting 
methods. It was hypothesised that XCT would be able to quantitatively characterise the ballistic 
fragments in terms of volume, shape and surface area, and that differences in these characteristics 
would be seen between the different materials. This information would ultimately contribute towards 
the development of a pre-ballistic characterisation method. Unfortunately, this could not be 
accomplished.  
The primary reason for this was the complexity of the ballistic/gel samples; the degree of comminution 
in the rubble pool directly beneath the bullet impact was so extensive that the fragments could not 
be computationally separated from each other and from other materials. It may be possible to design 
algorithms to address this issue, but creation of these would likely take more time and effort than they 
are worth for single samples. Furthermore the sheer amount of data necessary to reconstruct the 
scans required a large amount of computational power, as was found during 3D shape analysis. 
The multi-phase nature of the samples was also a significant issue. The difference in density between 
the low-density ceramic, composite, gel, etc., and the high-density metal bullet caused the greyscale 
histograms to become highly skewed. The high-density bullet is situated at the very highest point of 
the greyscale, but in order to fit the large difference in densities with the other materials on the scale 
they were all compressed down at the other end. This caused the greyscale values of the composite, 
ceramic and other components to be much closer together than they otherwise would have been, and 
made it difficult to separate them out. If the metal bullet fragments were not present then the rest of 
the components would be expanded over the entire histogram, making them easier to analyse.  
Although even if this were the case, the fact that currently no standards exist for XCT exacerbates the 
situation and makes it more difficult to create a characterisation protocol. There are several proposed 
methods for e.g. determining the difference between materials using the density histogram, but none 
of them are accepted as standard. Considering the comparative rarity of XCT as a technique this is not 
surprising, yet it is an issue that should be addressed if it is to become more widespread. 
A great deal of information was obtained and recommendations can be made for future attempts at 
this technique. If longer scans could be carried out it would result in more projections, reducing noise 
and improving the scan quality. A more significant improvement would be achieved by removing high-
density bullet fragments from the system prior to scanning, or by using a different material as an 
impactor; some ballistics ranges offer ceramic balls as impactors, although they would have to be of 
different material to the target. Either of these methods would even out the density histograms and 
allow for more definitive analysis. 
Currently the only sure way to obtain accurate information from the XCT would be to individually 
select and analyse fragments. It is suggested that it is quicker, easier and possibly more accurate, 
however, to break down the samples and carry this out physically using a range of techniques. These 
are described in the next Chapter.
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6 ANALYSIS OF FRAGMENTS 
6.1 INTRODUCTION 
It is the aim of this project to increase understanding of material behaviour during the ballistic event 
by carrying out characterisation of post-test fragments and fracture surfaces. Further, it is 
hypothesised that there are relationships between fragments created using quasi-static tests and 
ballistic fragments created further away from the point of impact due to the decreased strain rate. 
Proving so would allow a case to be made for quasi-static tests to be used as part of a preliminary 
characterisation suite to screen new candidate armour materials before proceeding to full-scale 
ballistic tests. 
In Chapter 4 the methods used to obtain ceramic fragments from both ballistic and biaxial discs have 
been described; since the final position of ballistic fragments has been maintained, new information 
on fracture behaviour in relation to location in the ballistic tile can be obtained. However, attempts to 
characterise the fragments non-destructively using XCT were unsuccessful, as described in Chapter 5. 
Therefore it was necessary to break down the ballistic tiles and use other methods to characterise the 
fracture surfaces from ballistic and biaxial fragments; the methodology, results and discussion are 
presented in this chapter. 
6.2 ANALYSIS TECHNIQUES 
6.2.1 Introduction 
The methodology for sectioning the ballistic tiles was described in Chapter 5, and Figure 6.1 shows a 
sectioned tile with the gel restraint removed. The primary areas of analysis for the ballistic tiles are 
designated as the ‘rubble’ and ‘corner’ sections, at 0 – 22 mm and 22 – 70 mm distance from the 
centre of impact, respectively. Figure 6.2 shows photographs of cross-sections of each material after 
sectioning; it is notable that the size distribution of the fragments for the Sintox FA is very different to 
that of the carbide ceramics, and there appears to be a significantly lower degree of comminution in 
the rubble pool, and a higher concentration of deformation in the composite backplate, which 
matches observations from XCT. This post-impact behaviour correlates with the inferior ballistic 
performance of Sintox FA compared with the carbide ceramics, but these observations do not inform 
as to why the material has behaved in this manner.  
This information is more likely to be obtained from fractography. The ballistic fragments were first 
sieved into different size ranges so that differences may be seen in fracture behaviour depending on 
fragment size, and the new ballistic restraint method allows observations based on distance from 
centre of impact to be made as well. Initial qualitative fractography was carried out on ballistic and 
biaxial fracture surfaces using an SEM, and surface roughness was quantified using calibrated 
stereoimaging.  
6.2.2 Ballistic Fragment Extraction 
The ballistic samples were mechanically sectioned into discrete areas by infiltrating the system with 
resin and using a sequential cutting protocol, as described in Chapter 5. Ballistic fragments were 
extracted for analysis from these sections by placing them into an oven at ambient temperature and 
then increasing to 400°C over one hour, holding for 2 hours then cooling naturally. The upper 
temperature was chosen to be high enough to remove all the resin but low enough that the carbide 
ceramics would not oxidise.   
 
 72 
 
 
Figure 6.1: Photograph of top-down view of post-test Hexoloy SA ballistic sample designating primary areas of interest 
   
Figure 6.2: Photographs of cross-sectional views of ballistic tile regions; (a) Hexoloy SA rubble; (b) Sintox FA rubble;        
(c) 3M B4C rubble; (d) Hexoloy SA corner; (e) Sintox FA corner; (f) 3M B4C corner 
(a) 
(d) 
(b) (c) 
(e) (f) 
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6.2.3 Sieve Analysis 
Sieve analysis was carried out on fragments from both the corner and rubble sections using sieve sizes 
of 4, 2, 1, 0.5, 0.18, 0.09, 0.063 and 0.045 mm; this is similar to sieve sizes used in literature (e.g. 
Strassburger et al., 2013) subject to equipment availability. Prior to sieving, a magnet was passed over 
the recovered fragments to remove metallic projectile fragments. The sieves were shaken for 10 
minutes, and the total mass of fragments in each sieve was recorded to establish size distribution.  
6.2.4 Stereoimaging 
6.2.4.1 Introduction 
Upon completion of sieve analysis, a sample of fragment fracture surfaces from each of the materials 
was selected for qualitative examination using an SEM. From each fragment size range five fragments 
were extracted and two sites of analysis chosen per fragment. Selected fragments were ultrasonically 
washed in deionised water with a Dispex N40 surfactant for 30 minutes to remove surface debris, and 
then attached to metal stubs using carbon adhesive tape, and gold coated. Micrographs were taken 
using a JEOL JSM 6490LV SEM at 10 kV accelerating voltage and working distance of 20 mm, and 
examples are shown in Figure 6.3.  
From initial qualitative analysis it was immediately apparent that the three different materials had 
markedly different surface roughness, which indicates differences in fracture behaviour, such as 
fracture mode. Additional opinions were sought using a blind test with multiple volunteers; consensus 
was that all materials showed mixed-mode fracture, but Sintox FA was predominately intergranular, 
3M B4C was predominantly transgranular and Hexoloy SA was between the two. Quantification of this 
information would not only highlight the differences between the materials, but variations in surface 
roughness on fragments from different locations or different sizes of the same material can inform on 
changes in fragmentation behaviour.  
Many different tools for quantifying surface roughness exist; stylus profilometry, white light 
interferometry and confocal scanning microscopy are examples. For this investigation stereoimaging, 
otherwise known as 3D scanning electron microscopy, was used due to the non-destructive nature 
and versatility; the surface roughness of any SEM-suitable sample can be quantified using an SEM and 
appropriate software. A disadvantage of this technique is that there is a degree of human error 
involved in combining the two images. Stereoimaging can be carried out at any magnification, but the 
optimal zoom settings depend on the roughness of the sample; larger artefacts require a 
proportionately lower magnification to image. If the magnification is too high, tilting the sample would 
have less effect on the centre of image and it would be difficult to obtain results, whereas too low a 
magnification results in the edges of the field-of-view becoming increasingly out of focus. In order to 
account for this, during calculation of the 3D surface an exclusion zone is incorporated around the 
outer edge of the scanned micrographs. After experimenting with the settings, x400 was chosen as 
the optimal magnification.  
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Figure 6.3: Sample micrographs of ballistic fracture surfaces; (a) Hexoloy SA; (b) Sintox FA; (c) 3M B4C 
(a) 
(b) 
(c) 
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Stereoimaging was carried out by obtaining two micrographs of the same area acquired at an 
eucentric tilt of ± 10° to each other. The two micrographs were then combined in a software package 
called MeX 5.1 to reconstruct the 3D surface computationally, and both area and line-scan 
measurements could be obtained. MeX derives surface values according to ISO 4287 where 
appropriate. Upon acquisition of the 3D image, a mean plane was applied in order to account for 
sample tilt. This was done computationally using all points in the scan except for those with a large 
deviation, as demonstrated in Figure 6.4. Quantitative results were then obtained over the whole 
scan, and localised information was obtained using line scans. 
 
Figure 6.4: Effect of assigning a robust mean plane to a 3D map of an indented sample; (a) pre-plane; (b) post-plane 
6.2.4.2 Surface Roughness Descriptors 
The most widely used measurement to describe surface roughness obtained from a line scan is 
average line height, Ra. This is described as the total area between the line scan and the mean plane 
divided by the length of the line, as illustrated in Figure 6.5. This is expressed mathematically in 
Equation 6.1 as 
𝑅𝑎 =  
1
𝑁
∑ 𝑟𝑛
𝑁
𝑛=1
 
Equation 6.1 
(a) 
(b) 
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for a line length of N and deviation from line r. Similarly, the average area height Sa is calculated as the 
total volume between the scanned surface and the mean plane divided by the area. 
 
Figure 6.5: Illustration of line roughness Ra, represented by the dark shaded region (after Alicona Imaging GmbH, 2008) 
However, average height alone is insufficient to describe a surface, as illustrated in Figure 6.6; all three 
surfaces have the same Ra value but are noticeably different to the eye. Therefore, an additional 
parameter describing the periodicity of the line is used; Rsm. 
 
Figure 6.6: Illustration of 3 different surfaces with identical Ra values (after Alicona Imaging GmbH, 2008) 
Rsm is defined as the mean spacing of peaks; a peak is defined as an artefact which crosses above the 
mean line and then back below it, as illustrated in Figure 6.7. 
 
Figure 6.7: Illustration of the definition of peaks (after Alicona Imaging GmbH, 2008) 
6.2.4.3 Calibration 
Before obtaining results from fractured samples, the stereoimaging technique was calibrated to 
ensure validity. This was done by obtaining stereoimaging results for the surface characteristics of 
indented samples and comparing them with the results from two alternative techniques which had 
been calibrated using samples of known surface characteristics; white light interferometry (WLI) at 
Lucideon Limited and confocal scanning laser microscopy (CSLM) at the University of Surrey. The 
results for all three techniques were compared with expected results from calculations. 
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High-load indentations of 30 kgf were made on an as-sintered sample of Ceramor, a zirconia-
toughened alumina (ZTA), and low-load indentations of 0.3 kgf were carried out on a sample of B4C 
that had been polished to 1 µm. Three indentations of each load were carried out according to ISO 
6507, and to aid with identification a black dot of ink was applied to the B4C sample prior to 
indentation. Figure 6.8 shows examples of SEM micrographs of indents.  
   
Figure 6.8: SEM micrographs of indents; (a) 30 kgf indentation in ZTA; (b) 0.3 kgf indentation in B4C 
Alongside the measurements, the depth of the indents was calculated and elastic relaxation, whilst 
small in ceramics, was accounted for. This was done using the following equation (Lawn & Howes, 
1981); 
(
𝑍𝑟
𝑍∗
)
2
= 1 − [2(1 −  𝑣2) (
𝛾𝐸
𝛾𝐻
)
2
tan 𝜑  ]
𝐻
𝐸
 
Equation 6.2 
where Zr is the relaxed depth, Z* is the maximum depth, v is the Poisson’s ratio, γ is a geometrical 
factor related to the curvature of the indentation slope, ψ is the indentation angle, H is the hardness 
and E is the Young’s modulus. Z* is obtained by measuring the indentations using SEM micrographs 
and ImageJ, and dividing the average diagonal by 7. The geometric factor γ is taken as 1 and the 
indentation angle ψ is 136° as standard. Values for H, E and v for the materials are given in Table 6.1; 
values for 3M B4C were obtained from the data sheets, and values for ZTA were obtained from typical 
values in the British Standard for alumina ceramics with zirconia reinforcement (BS ISO 6474-2, 2012). 
Table 6.1: Relevant material properties of Ceramor ZTA and 3M B4C 
Value Ceramor (ZTA) 3M B4C 
Poisson Ratio v 0.23 0.18 
Vickers Hardness (GPa) 16 31 
Young’s Modulus E (GPa) 320 410 
 
The calculated and recorded results are shown in Table 6.2 for high load indentations on the ZTA and 
Table 6.3 for low load indentations on the B4C. During scanning of the low load indentations in B4C 
using CSLM, in two cases it was difficult to distinguish the edges of the indent due to scanning depth, 
as shown in Figure 6.9. Images of indentations from each technique are shown in Figure 6.10 for ZTA 
and Figure 6.11 for B4C.  
(a) (b) 
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Figure 6.9: Attempted scan of B4C using CSLM. Z-range was set too high, making distinction of the indentation difficult 
Table 6.2: Calculated and recorded results for high load indentations of ZTA 
Indent  
(30 kg) 
Calculated 
max. depth  
Z* (µm) 
Recorded depth (µm) Calculated 
relaxed depth 
Zr (µm) 
CSLM WLI Stereoimaging 
ZTA 1 27 20 22 20 25 
ZTA 2 26 21 22 20 24 
ZTA 3 26 20 22 21 24 
Average 26 20 22 20 24 
 
Table 6.3: Calculated and recorded results for low load indentations of B4C 
Indent  
(0.3 kg) 
Calculated 
max. depth  
Z* (µm) 
Recorded depth (µm) Calculated 
relaxed depth 
Zr (µm) 
CSLM WLI Stereoimaging 
B4C 1 2.4 1.8 1.5 1.6 2.1 
B4C 2 2.3  1.3 1.6 2.0 
B4C 3 2.4  1.6 1.4 2.1 
Average 2.4 1.8 1.5 1.5 2.1 
 
Table 6.2 and Table 6.3 show that, whilst all three techniques are not in agreement with the calculated 
results, the results generated are within acceptable parameters of each other; this suggests that 
results generated by stereoimaging can be trusted, since the WLI and CSLM are calibrated. Further, 
the difference between calculated and recorded values may be accounted for by experimental errors 
in the values obtained from data sheets used for the calculation. 
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Figure 6.10: Images of ZTA indentations by 3D techniques; (a) CSLM; (b) WLI; (c) stereoimaging 
 
(a) 
(b) 
(c) 
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Figure 6.11: Images of B4C indentations by 3D techniques; (a) CSLM; (b) WLI; (c) stereoimaging 
6.2.4.4 Analysis Method 
Upon successful calibration of the stereoimaging technique, analysis was carried out on ballistic 
fragments and biaxial fracture surfaces using a JEOL JSM 6490LV SEM combined with MeX 5.1 software 
package. From each size range of ballistic fragments, five fragments of size ≥0.5 mm were extracted 
and results were obtained from two sites of analysis per fragment. For biaxial fragments three 
fragments were selected from each of three samples with non-adjacent fracture surfaces, and results 
were obtained at 5, 10 and 15 mm from the centre of fracture. Figure 6.12 shows example micrographs 
from each of the three different materials, and Figure 6.13 shows corresponding 3D maps obtained 
by stereoimaging. 
(a) 
(b) 
(c) 
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Figure 6.12: Example micrographs of ballistic fracture surfaces; (a) Hexoloy SA; (b) Sintox FA; (c) 3M B4C 
(a) 
(b) 
(c) 
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Figure 6.13: Stereoimaging maps of example ballistic fracture surfaces shown in Figure 6.12; (a) Hexoloy SA:      
 (b) Sintox FA; (c) 3M B4C 
(a) 
(b) 
(c) 
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For each scan Sa results were obtained with the whole area map, and then a line-scan was drawn on 
to the map such that area roughness Sa was equal to line roughness Ra without the line overlapping, 
as shown in Figure 6.14. This was done because Rsm values cannot be recorded from an area scan, 
necessitating a line scan to provide the periodicity result of the line scan to combine with the average 
height to adequately describe the surface.  
 
Figure 6.14: Typical line scan for Hexoloy SA ballistic fragment 
6.2.5 Summary 
In this section, the sieve analysis and fracture surface roughness quantification protocols have been 
described. Sieve sizes of 4, 2, 1, 0.5, 0.18, 0.09 and 0.045 were used to separate out the ballistic 
fragments into different size ranges and stereoimaging was used to quantify the difference in fracture 
surface roughness between the different materials, fragment sizes, locations and strain rates. 
6.3 RESULTS 
6.3.1 Introduction 
This section contains the sieve and surface roughness results for ballistic and biaxial fracture surfaces, 
generated using the protocols described in section 6.2 
6.3.2 Sieve Analysis 
The results for sieve analysis are given in Table 6.4 and shown in Figure 6.15. The size distribution seen 
in the corner is similar between all 3 materials with approximately 90% of fragments being larger than 
2 mm, but there is a substantial difference between Sintox FA and the carbide ceramics in the size 
distribution of the rubble section. Figure 6.15(b) shows that 40% of the Sintox FA rubble fragment 
mass consists of particles ≤2 mm, whereas for the Hexoloy SA and 3M B4C results this number is closer 
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to 75 – 80%, indicating the presence of many smaller particles, more fracture surface area and a wider 
size distribution, which matches observations from Figure 6.2. 
Table 6.4: Sieve analysis results 
Sieve size 
(mm) 
Mass of fragments (g) 
Hexoloy SA Sintox FA 3M B4C 
Corner Rubble Corner Rubble Corner Rubble 
4 22.1 3.5 22.2 13.2 17.0 3.0 
2 1.5 3.8 0.5 3.7 1.7 2.8 
1 0.2 4.0 0.1 2.6 0.2 1.8 
0.5 0.0 2.3 0.0 1.4 0.1 2.2 
0.18 0.1 2.2 0.0 0.9 0.1 1.1 
0.09 0.0 1.0 0.0 0.3 0.1 0.4 
0.063 0.1 0.4 0.0 0.1 0.1 0.2 
0.045 0.0 0.1 0.0 0.0 0.0 0.1 
Total 23.8 17.3 22.1 23.0 19.3 11.6 
 
If the fragmentation behaviour throughout the ballistic tile is assumed to be consistent with the 
recovered corner and rubble sections tiles at the same distance from the centre of impact (i.e. the 
mass and size distribution of fragments is consistent with distance from centre of impact regardless 
of direction) the total mass of recovered fragments can be estimated. The mass of fragments 
recovered from a 100x100x8 mm tile using the new ballistic technique is calculated to be 230 g for 
Hexoloy SA, 230 g for Sintox FA and 180 g for 3M B4C, or 92%, 78% and 83% of the total tile, 
respectively. This is a measure of the effectiveness of the technique, and with at least 75% of the tile 
recovered in all cases this can be regarded as a success. However the loss of mass in the tile can be 
attributed to fine fragments escaping through the entry hole cast for unobstructed access for the 
bullet; this was mitigated by using a rubber sheet, but this loss of material will affect the final size 
distributions recorded. 
Continuing the assumption that fragmentation behaviour throughout the tile is consistent with the 
recovered corner and rubble sections, a rough estimate of the total fracture surface area can be 
calculated by assigning a shape to the fragments, such as a cube with space diagonal a equal to the 
sieve size (e.g. a fragment contained by the 4 mm sieve would be modelled as a cube with a space 
diagonal of 4 mm and a side length r of 2.3 mm). By using the mass of material contained in each sieve 
to calculate the volume and modelling them as such cubes, the fracture surface area was estimated 
and the surface energy can be calculated by multiplying it with the toughness Gc, which is calculated 
using 𝐺𝑐 =  
𝐾𝑐
2
𝐸
 (e.g. Ashby & Jones, 2005), where Kc and E are the data sheet values for fracture 
toughness and Young’s modulus, respectively. Table 6.5 shows the results for fracture surface area for 
the rubble and corner regions calculated in this manner.   
The recovered rubble section represented half of the total rubble pool, whereas the recovered corner 
section represented 1/8th of the tile material at that distance. Therefore the total fracture surface area 
energy was estimated by multiplying the surface area calculated from the rubble and corner results 
by two and eight, respectively, in order to cover the whole tile. The total energy dissipated through 
creation of fracture surfaces was estimated to be 18 J, 25 J and 28 J for Sintox FA, Hexoloy SA and 3M 
B4C, respectively. Considering the kinetic energy of an APM2 bullet with a velocity of 1000 ms-1 is 
approximately 5.35 kJ, these results agree with the literature assertion that energy dissipated in this 
manner is negligible. This is, however, a very rough estimate that assumes consistent fracture 
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behaviour in terms of size and shape. Further, fine fragments would have a disproportionate effect on 
surface area, but a large number of these fragments were lost during testing.  
  
 
Figure 6.15: Sieve analysis results of ballistic fragments; (a) corner; (b) rubble 
Table 6.5: Fracture surface area calculations for rubble and corner 
Material Total Fracture Surface 
Area (mm2) 
Fracture 
Toughness 
(MPa m1/2) 
Young’s 
Modulus 
(GPa) 
Toughness 
(J m-2) 
Surface Area Energy 
(J) 
Rubble Corner Rubble Corner 
Hexoloy SA 140 30 4.6 410 50 7 1 
Sintox FA 60 20 4.6 320 70 4 1 
3M B4C 100 30 5.0 410 60 6 2 
 
6.3.3 Stereoimaging 
Example micrographs from corner and rubble fragment fracture surfaces are shown in Figure 6.16 and 
Figure 6.17 respectively, for Hexoloy SA. Figure 6.18 and Figure 6.19 show fragment fracture surfaces 
of Sintox FA corner and rubble fragments, respectively, and 3M B4C fragment fracture surfaces are 
shown in Figure 6.20 and Figure 6.21. The differences in surface roughness between the three 
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materials is clear, but there does not appear to be any obvious difference in fracture surface 
appearance with fragment size for any of the three materials. There is evidence of grain cleavage in 
all three materials, as shown in Figure 6.22, but any patterns in frequency with fragment size or 
location remains unclear. There do not appear to be any readily apparent differences between corner 
and rubble fracture surfaces for Sintox FA and 3M B4C, which suggests that the mechanisms of 
fragment creation are consistent with distance from centre of impact. In Hexoloy SA, however, there 
appears to be an increase in porosity in rubble fracture surfaces when compared with corner fracture 
surfaces; this is investigated further later in the project.  
The stereoimaging results for ballistic fragments are given in Table 6.6, and are expressed graphically 
for Hexoloy SA, Sintox FA and 3M B4C in Figure 6.23, Figure 6.24 and Figure 6.25, respectively. The 
earlier observations appear to be confirmed by the quantitative results; Sintox FA fracture surfaces 
have higher Ra readings that reflect the higher surface roughness, whereas Hexoloy SA and 3M B4C 
have smoother surfaces and therefore lower Ra readings. Further, the surface roughness within the 
materials does not appear to change significantly with respect to fragment size or distance from centre 
of impact; there is seen to be an increase in the roughness of rubble fragments, but after carrying out 
the statistical two-sample T-test, as described in Appendix C, the null hypothesis that rubble and 
corner fragments are equal cannot be rejected. This consistency in fracture surface with respect to 
strain rate matches observations found in literature for silicon carbide (Shih et al., 2000) and alumina 
(Gálvez et al, 2000). However variation within the readings, especially within the Rsm results, is high, 
reducing their reliability. 
The stereoimaging results for biaxial disc fracture surfaces are given in Table 6.7, and represented 
graphically in Figure 6.26, Figure 6.27 and Figure 6.28 for Hexoloy SA, Sintox FA and 3M B4C, 
respectively. Like the ballistic fracture surfaces, the biaxial results appear to show no change in surface 
roughness with distance from centre of fracture; there is an increase in the Ra and Rsm values recorded 
for Hexoloy SA at 5 mm, but the standard deviation of results is also increased. Further, the results did 
not show any trends between fracture surface characteristics and biaxial failure stress. However the 
variability within the data remains high, as was found in the ballistic fragment results. 
The averaged results from all three stress states are compiled in Figure 6.29. Whilst the differences 
between the Hexoloy SA, Sintox FA and 3M B4C are readily apparent, there do not appear to be any 
conclusive differences in fracture surface roughness between rubble, corner and biaxial fragments for 
any of the materials. This is promising, as it would suggest that the fracture surfaces generated during 
a ballistic event are similar to those generated during biaxial disc testing in terms of roughness, for 
the size ranges observed. This increases support for biaxial testing as an economically viable test 
method for candidate armour materials; further investigation will be required to establish what 
exactly has occurred to result in the similar fracture surface appearances.  
Whilst similarities between corner and biaxial have been hypothesised with support from the 
literature, it is surprising to see that rubble fracture surfaces are also similar; the increased strain rate 
due to proximity to the centre of impact was thought to generate a different fracture surface. However 
these similarities may be due to the fragment size that was observed; differences between the fracture 
states may be seen by examining finer fragments, some of which may have been lost during ballistic 
testing. Further, there may be more drastic differences in the fracture surfaces that can inform on the 
circumstances of fragment creation by employing alternative characterisation methods. 
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Figure 6.16: Micrographs of Hexoloy SA corner fracture surfaces; (a) 4+ mm; (b) 4 – 2 mm; (c) 2 – 1 mm; (d) 1 – 0.5 mm 
 
  
Figure 6.17: Micrographs of Hexoloy SA rubble fracture surfaces; (a) 4+ mm; (b) 4 – 2 mm; (c) 2 – 1 mm; (d) 1 – 0.5 mm 
(a) (b) 
(c) (d) 
(a) (b) 
(c) (d) 
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Figure 6.18: Micrographs of Sintox FA corner fracture surfaces; (a) 4+ mm; (b) 4 – 2 mm; (c) 2 – 1 mm; (d) 1 – 0.5 mm 
 
  
Figure 6.19: Micrographs of Sintox FA rubble fracture surfaces; (a) 4+ mm; (b) 4 – 2 mm; (c) 2 – 1 mm; (d) 1 – 0.5 mm 
(a) (b) 
(c) (d) 
(a) (b) 
(c) (d) 
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Figure 6.20: Micrographs of 3M B4C corner fracture surfaces; (a) 4+ mm; (b) 4 – 2 mm; (c) 2 – 1 mm; (d) 1 – 0.5 mm  
 
  
Figure 6.21: Micrographs of 3M B4C rubble fracture surfaces; (a) 4+ mm; (b) 4 – 2 mm; (c) 2 – 1 mm; (d) 1 – 0.5 mm 
(a) (b) 
(c) (d) 
(a) (b) 
(c) (d) 
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Figure 6.22: Evidence of cleavage shown in material grains of 4 – 2 mm rubble fragment fracture surfaces;                        
(a) Hexoloy SA; (b) Sintox FA; (c) 3M B4C 
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Table 6.6: Stereoimaging results for ballistic fragment fracture surfaces 
Material Location 
Size Range 
(mm) 
Average Surface 
roughness Sa (μm) 
Average line 
roughness Ra 
(μm) 
Average line 
periodicity Rsm 
(μm) 
Hexoloy SA 
Corner 
4+ 2 ± 1 2 ± 1 270 ± 130 
4 – 2 4 ± 2 3 ± 2 410 ± 170 
2 – 1 2 ± 0 2 ± 0 260 ± 90 
1 – 0.5 3 ± 1 2 ± 1 330 ± 160 
Rubble 
4+ 3 ± 1 4 ± 2 380 ± 210 
4 – 2 3 ± 2 3 ± 2 400 ± 180 
2 – 1 3 ± 3 3 ± 2 370 ± 250 
1 – 0.5 4 ± 2 4 ± 2 710 ±470 
Sintox FA 
Corner 
4+ 5 ± 1 5 ± 1 260 ± 90 
4 – 2 6 ± 2 6 ± 2 340 ± 170 
2 – 1 4 ± 1 3 ± 1 240 ± 110 
1 – 0.5 5 ± 2 5 ± 2 270 ± 80 
Rubble 
4+ 5 ± 3 5 ± 3 290 ± 220 
4 – 2 7 ± 3 6 ± 3 350 ± 210 
2 – 1 5 ± 3 4 ± 3 310 ± 250 
1 – 0.5 5 ± 2 5 ± 2 310 ± 120 
3M B4C 
Corner 
4+ 5 ± 3 5 ± 3 540 ± 410 
4 – 2 3 ± 3 3 ± 3 380 ± 280 
2 – 1 3 ± 1 3 ± 2 300 ± 160 
1 – 0.5 4 ± 3 4 ± 3 430 ± 230 
Rubble 
4+ 3 ± 1 3 ± 1 260 ± 90 
4 – 2 3 ± 3 3 ± 3 280 ± 160 
2 – 1 4 ± 2 4 ± 2 500 ± 250 
1 – 0.5 4 ± 3 4 ± 4 550 ± 250 
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Figure 6.23: Stereoimaging results for Hexoloy SA ballistic fracture surfaces 
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Figure 6.24: Stereoimaging results for Sintox FA ballistic fracture surfaces 
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Figure 6.25: Stereoimaging results for 3M B4C ballistic fracture surfaces 
Table 6.7: Stereoimaging results for biaxial fragment fracture surfaces 
Material 
Distance from 
centre (mm) 
Average Surface 
roughness Sa (μm) 
Average line 
roughness Ra 
(μm) 
Average line 
periodicity Rsm 
(μm) 
Hexoloy SA 
5 2 ± 1 2 ± 1 230 ± 160 
10 1 ± 0 1 ± 0 150 ± 40 
15 1 ± 0 1 ± 0 140 ± 40 
Sintox FA 
5 7 ± 2 7 ± 2 310 ± 100 
10 8 ± 3 7 ± 3 370 ± 190 
15 6 ± 2 6 ± 2 250 ± 110 
3M B4C 
5 3 ± 2 3 ± 2 300 ± 130 
10 2 ± 1 2 ± 1 190 ± 80 
15 3 ± 1 3 ± 1 310 ± 130 
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Figure 6.26: Hexoloy SA biaxial fracture surface stereoimaging results 
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Figure 6.27: Sintox FA biaxial fracture surface stereoimaging results 
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Figure 6.28: 3M B4C biaxial fracture surface stereoimaging results 
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Figure 6.29: Stereoimaging results for averaged ballistic rubble, ballistic corner and biaxial fracture surfaces 
6.4 FURTHER ANALYSIS OF HEXOLOY SA 
6.4.1 Introduction 
In the previous section, stereoimaging results showed that the fracture surface roughness between 
corner, rubble and biaxial disc testing are similar for all three materials. However, it is surprising in 
that no differences were seen in the fracture mode of rubble fragments created under higher strain 
rates. It is possible that differences will be found by examining smaller fragments from the different 
regions, though it is also likely that there is more information contained within the fracture surfaces 
already analysed. 
As mentioned earlier, during qualitative analysis of Hexoloy SA fracture surfaces it was notable that 
there appeared to be significantly more porosity seen in the rubble fragments than in the corner or 
biaxial fragments. This previously unrecorded phenomenon could be indicative of the ballistic 
behaviour of Hexoloy SA, and may inform on the processes taking place during the ballistic event. 
Therefore additional investigation was warranted. 
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6.4.2 Quantification of Porosity 
To confirm that there was an increase in porosity in the rubble fracture surface, quantitative 
measurement was required. The steps involved in the quantification process are shown in Figure 6.30; 
additional micrographs were obtained using a JEOL JSM 6490LV SEM and uploaded into Microsoft 
Paint. A software tool was used to individually mark in blue the pores seen on every fracture surface, 
and the total pore number and pore area were identified by isolating all blue pixels on the image and 
quantified using ImageJ analysis software.  
This quantification process was carried out on fracture surfaces from corner, rubble and biaxial 
fragments. Further, in order to investigate the possibility that this porosity is pre-existing in the 
material, an additional sample of Hexoloy SA, which had not been subjected to ballistic testing, was 
sectioned, polished and analysed alongside the fracture surfaces. 
    
  
Figure 6.30: Process for quantifying surface porosity on Hexoloy SA fracture surfaces; (a) original micrograph of 4 – 2 mm 
rubble fracture surface; (b) pores highlighted in blue using MS Paint; (c) blue pixels identified in ImageJ; (d) blue pixels 
quantified in ImageJ 
The results from pore quantification of Hexoloy SA fracture surfaces are given in Table 6.8, and are 
shown graphically in Figure 6.31. The porosity in the rubble is clearly seen to be increased, and by 
using a two-sample T-test it can be confirmed that the rubble and corner porosity results are 
significantly different (confident to 99.9%). Further, the recorded pores are of consistent size 
throughout the size ranges and locations; it could be argued that the pores in the rubble are smaller 
in area, but the standard deviations are too high to say this with confidence. The low number of pores 
in the polished surfaces indicate that this porosity is not pre-existing in the material.  
(a) (b) 
(c) (d) 
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Beyond showing the difference in porosity between rubble and corner fragments, Figure 6.31 also 
shows that the porosity is similar for corner and biaxial fragments. Combined with the similarities in 
fracture surface roughness seen in stereoimaging analysis, this provides a stronger case for biaxial disc 
testing as a suitable preliminary test for characterising armour ceramics. 
Table 6.8: Results for pore quantification of Hexoloy SA 
Location Fragment Size 
(mm) 
Number of 
Micrographs 
Total 
Pores 
Average Number of 
Pores per 0.1 mm2 
Average Area of 
Individual Pores 
(μm2) 
Rubble 4+ 10 2066 260 ± 70 2 ± 1 
4 – 2 10 7272 890 ± 440 2 ± 1 
2 – 1 10 4337 540 ± 260 3 ± 1 
1 – 0.5 9 2904 400 ± 200 2 ± 1 
Corner 4+ 10 711 90 ± 30 3 ± 2 
4 – 2 10 1271 160 ± 60 3 ± 2 
2 – 1 10 2331 290 ± 190 4 ± 3 
1 – 0.5 15 1736 140 ± 80 3 ± 2 
Biaxial 11 1402 160 ± 50 3 ± 1 
Polished 7 128 20 ± 10 2 ± 1 
 
A degree of subjectivity is inevitably introduced by using image analysis over what should be marked 
as a pore. To address this, a maximum/minimum investigation was carried out on a small number of 
micrographs to establish the variation. This was accomplished by analysing the micrographs normally 
to obtain a baseline value, then re-analysing the micrographs to be more selective in what was marked 
to establish a minimum and re-analysing the micrographs a final time more liberally in marking to 
establish a maximum. An example micrograph analysed in this manner is shown in Figure 6.32, and 
the results are shown in Figure 6.33; the difference between corner and rubble is still substantial. 
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Figure 6.31: Quantification of porosity in Hexoloy SA surfaces 
 
Figure 6.32: Sample micrograph analysed for variance; (a) minimum; (b) normal; (c) maximum 
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Figure 6.33: Variance of observed pore area 
In order to obtain more information on this porosity phenomenon, additional ballistic fragments were 
extracted, mounted in resin and polished back by 0.5 mm to expose sub-surface microstructure as 
shown in Figure 6.34. The two micrographs are almost identical to each other and to polished sections 
of un-shot Hexoloy SA, which indicates that the porosity is restricted to the fracture surface. 
  
Figure 6.34: Micrographs of polished 4 – 2 mm ballistic fragments; (a) corner; (b) rubble 
As mentioned earlier, prior to SEM examination, fragments were ultrasonically washed in deionised 
water with a surfactant, and this may have had an unforeseen effect on the fracture surfaces results 
in increased porosity. To rule this out, polished fragments were also subjected to the cleaning 
protocol, and, as shown in Figure 6.35, appear to have suffered no effects. Testing the effect of 
washing on fracture surfaces was unsuitable, as the fragments are difficult to analyse for porosity 
without any form of cleaning due to small particles caught on the fracture surface, as shown in Figure 
6.36. The effect of cleaning cannot be completely ruled out, however, as the combination of ballistic 
impact and subsequent ultrasonication may be what causes the porosity; particles loosened by the 
ballistic event may be subsequently washed out. 
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Figure 6.35: Micrographs of polished and washed 4 – 2 mm ballistic fragments; (a) corner; (b) rubble 
 
Figure 6.36: Unwashed Hexoloy SA ballistic fracture surface 
The effect of porosity on the ballistic performance is documented in several studies. Pores are 
generally regarded as defects that are detrimental to the Young’s modulus, hardness, wear resistance, 
tensile and flexural strength properties of the ceramic (e.g. Crouch, 2015, Hazell, 1998, Hazell, 2016), 
although some residual porosity (< 1%) is reported to have minimal effect (Krell & Strassburger, 2014). 
It is suggested that hot pressed SiC has superior DoP performance to pressurelessly sintered SiC due 
to the decreased porosity (Hallam, 2015), although DoP results for alumina do not change with 
porosity over the range 1.9 – 6.2% (James, 1995). Conversely, introducing nanopores into the 
microstructure of B4C has been shown to enhance some of the mechanical properties by 
accommodating grain boundary sliding (Madhav Reddy et al., 2012). The lack of consensus in the 
literature of the effect or influence of porosity on ceramic armour reduces its usefulness to the current 
investigation, and this is compounded by the fact that all of these studies document the effect of pre-
existing porosity throughout the material, not localised porosity induced by the ballistic event as is 
seen here. 
(a) (b) 
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6.4.3 Possible Causes 
It has been shown that the ballistic event has induced porosity in the fracture surfaces of Hexoloy SA, 
which occurs to a greater extent with proximity to the centre of impact; this porosity is not previously 
existing in the material and ultrasonic cleaning appears to have no effect. Therefore the question 
remains as to what causes the porosity.  
In comparing the fracture surfaces in Figure 6.16 and Figure 6.17, and the polished surfaces in Figure 
6.34 and Figure 6.35, a darker second phase can be seen in the polished surfaces but it is mostly absent 
from the fracture surfaces. This could be attributed to the topography of the fracture surface, but it is 
known that Hexoloy SA incorporates boron during the manufacturing process to act as a sintering aid 
(e.g. Elliot, 2007, Ischenko et al., 2011). The boron is intended to diffuse into the lattice rather than 
remain, presumably in the form of boron carbide inclusions, as seen in the polished micrographs, and 
the absence of these in the observed fracture surfaces could explain the porosity. Elemental analysis 
was subsequently carried out Hexoloy SA samples to quantify the amount of boron in the fracture 
surfaces. 
6.4.4 Elemental Analysis 
To confirm that the increase in porosity is linked with a decrease in boron-rich second phase, 
elemental analysis was carried out using wavelength dispersive spectroscopy (WDS) analysis at the 
University of Surrey. This is different to energy dispersive x-ray (EDX) analysis in that instead of the 
emitted X-ray energy being measured as excited electrons fall back to their original atomic K shell from 
the L shell, the wavelength of this emitted X-ray is measured. This allows for improved detection limits 
at the cost of extended acquisition time, but since the boron-rich phase was embedded in a 
predominantly carbide matrix this would make distinction of light elements the most important of the 
criteria if it (or the lack of it) is to be detected. 
Since fragments of the size range 4 – 2 mm showed the greatest difference in porosity between the 
rubble and corner fragments, efforts were focussed on analysing these; if no difference in boron levels 
could be detected in these fragments then it is unlikely it would be detected elsewhere. Six rubble 
fragments and six corner fragments were attached to a metal stub with epoxy adhesive and coated 
with carbon for analysis. Two Hexoloy SA biaxial fragments and a polished sample were also prepared 
in the same manner and analysed for comparative purposes. Examination of the samples was carried 
out at the University of Surrey using a JEOL JSM 7100F SEM combined with a Thermo Scientific 
MagnaRay spectrometer; example micrographs are shown in Figure 6.37. 
 105 
 
 
  
Figure 6.37: Example micrographs of samples subjected to WDS analysis; (a) rubble; (b) corner; (c) biaxial; (d) polished 
The mean atom% of boron values from eight sites of analysis for rubble, corner and biaxial Hexoloy 
SA fragments and five sites of analysis for polished Hexoloy SA are shown in Figure 6.38. 
 
Figure 6.38: WDS analysis results for Hexoloy SA fragments 
The results show that the boron content in rubble fragments is significantly lower than that found in 
corner, biaxial and in particular polished surfaces (i.e. using the Two Sample T Test, the null hypothesis 
that corner and rubble fragments have equal atom% of boron can be rejected with 99.9% confidence). 
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Further, the levels for corner and biaxial fragments are almost identical, which gives additional support 
to the hypothesis that the two fracture states are similar. The stereoimaging results for rubble, corner 
and biaxial fragments were previously found to be similar, suggesting that the effect of surface 
roughness on results is minimal. The corner and biaxial results are also lower than the polished 
surfaces, although the difference between them is insufficient to conclude that they are statistically 
different; obtaining additional results would help confirm this. 
To further investigate the relationship between boron, pores and fragmentation, links between the 
porosity and the surface roughness results obtained from stereoimaging in the previous section were 
investigated. It was hypothesised that the fracture path travels from particle-to-particle; if true, then 
correlations between pore location (caused by subsequent loss of boron-rich particles during fracture) 
and surface roughness would be found. 
Four backscattered electron images of polished Hexoloy SA fracture surfaces were obtained to locate 
the boron-rich inclusions. It was assumed that the area fraction of second phase was equal to the 
volume fraction. A total of 15 lines were drawn over the SEM micrographs with an average length of 
100 µm. By bounding the lines at ± 3 µm (analogous to the Sa results shown in Table 6.6), a line scan 
can be drawn that ‘joins the dots’ of the second phase; the Ra of this line was calculated by dividing 
the total area by the length of the bound line using ImageJ, and this was compared with stereoimaging 
results. This process is shown in Figure 6.39. 
The average Ra obtained by this method was 1.5 ± 0.3 μm. This was substantially lower than the 3 ± 2 
μm results seen Table 6.6, but this was expected as the drawn-on line scans were capped at ± 3 μm. 
Further, they were unable to take into account large undulations in fracture surface which would 
increase the roughness result. By modifying the stereoimaging scans to only examine artefacts ≤100 
μm (analogous to the drawn-on line length), then Ra = 0.9 ± 0.1 μm. This is shown visually in Figure 
6.40. The comparison between the drawn-on line scan and the 100 μm stereoimaging scan becomes 
even closer when one considers that the crack momentum would prevent the crack from travelling to 
every individual stress concentration as is modelled by the drawn-on line, and therefore would be less 
rough. These results give extra support to the theory that the (loss of) second phase has an effect on 
the fracture, and therefore fragmentation behaviour, which in turn affects ballistic performance. 
With a lack of literature addressing the topic, causes of the localised loss of boron can only be the 
subject of speculation at this stage. One suggestion is that the inclusions at closer proximity to the 
centre of impact and thus higher strain rate undergo amorphisation, as is seen in larger B4C armour 
components, which could result in the inclusions becoming detached from the SiC matrix. 
Alternatively, the effect of high intensity stress waves and/or high localised heat from the ballistic 
event could have a dislodging effect on the inclusions due to property mismatch of acoustic 
impedance and/or coefficient of thermal expansion; this could be enough to overcome or enhance 
pre-existing residual stresses in the material remaining after manufacture. These causes are examined 
in more detail in the next section. 
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Figure 6.39: Linking second phase to surface roughness; (a) secondary electron images of polished Hexoloy SA;                
(b) backscattered electron images; (c) line scans draw on backscattered electron images 
(a) 
(b) 
(c) 
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Figure 6.40: Visualisation of modification of stereoimaging scan of Hexoloy SA corner 4 – 2 mm ballistic fracture surface; 
(a) normal (primary) scan; (b) roughness scan of ≤ 100 μm 
6.4.5 Residual Stress 
The typical sintering temperature of Hexoloy SA is 2000°C; as it cools, the boron-rich inclusions 
contract at a different rate to the silicon carbide matrix due to the differences in coefficient of thermal 
expansion, α. Since αB4C (and αB) > αSiC, this indicates that the inclusions contract to a greater degree 
than the SiC matrix; if the interface between the particulate and matrix is maintained, this would 
induce a tensile radial stress. A compressive hoop stress would also be induced, although this would 
be of lower magnitude than the tensile stress. These stress fields caused by the inclusions could 
influence the fracture behaviour of Hexoloy SA. 
A spherical particle would be subjected to radial stress σr, which can be calculated using Equation 6.3 
(Davidge, 1979). 
𝜎𝑟 =  
∆𝛼 ∆𝑇
(1 + 𝜈𝑚)
2𝐸𝑚
+
(1 − 2𝜈𝑃)
𝐸𝑃
 
Equation 6.3 
In Equation 6.3 E is Young’s Modulus, v is Poisson’s ratio, ΔT is the change in temperature and 
subscripts m and p refer to the matrix and particulate, respectively. According to the data sheets, αB4C 
= 4.5 x10-6 K-1 and αSiC = 4.02 x10-6 K-1, and so the radial stress σr = 300 MPa (1 s.f.); this is a very high 
stress, such that it is surprising that the inclusions are not debonded from the matrix throughout the 
system instead of being localised to the centre of impact. However Equation 6.3 assumes negligible 
plasticity and does not account for particulate size or volume fraction, and therefore is a rough 
estimation. Furthermore, it cannot be confirmed at this stage that the boron-rich inclusions have the 
same properties as boron carbide. 
(a) (b) 
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These stresses induced at the boron-rich/SiC interface would likely be altered by the high-intensity 
stress waves induced by the ballistic event, especially at closer proximity to the centre of impact; this 
could explain the increase in frequency of boron-rich inclusions that have become debonded from the 
matrix. These newly created pores could act as crack inhibitors by blunting or changing the direction 
of the crack tip as it advances through the material. Alternatively, these pores could act as flaws that 
are subsequently activated by the advancing projectile. Any of these would be likely to have an effect 
on fracture path and therefore ballistic performance. 
6.4.6 Amorphisation 
Despite the high hardness and low density, B4C has not been utilised as an armour material to as great 
an extent as Al2O3 or SiC. This is partially due to the high cost associated with manufacture, but also 
B4C has been observed to transform from a crystalline to an amorphous state when subject to shock 
loading. This results in a change in fracture mechanism that is associated with a drop in shear strength 
and a drastically reduced ballistic performance (Chen et al., 2003). 
In the atomic structure of boron carbide, boron/carbon icosahedra are linked by chain sites of carbon. 
When subjected to high impact pressures these chain sites break, which allow the icosahedra to move 
more freely and pack closer together. This results in an overall decrease in volume of the B4C of 
approximately 4% (Grady, 2010) as it transitions from a crystalline to a denser amorphous state (e.g. 
Chen at al., 2003; Domnich et al., 2011; Reddy et al., 2013).  
If the boron-rich inclusions are B4C (or exhibit similar behaviour), this volume decrease may be 
sufficient to induce tensile stress in addition to pre-existing residual stresses between the inclusions 
and the matrix described in the previous section, such that the interface is broken. This would allow 
the boron inclusions to be removed from the Hexoloy SA, leaving the pores seen in post-ballistic 
fragment fracture surfaces.  
6.5 SUMMARY AND CONCLUDING REMARKS 
Earlier chapters outlined the experimental methods and fragment capture protocols for ballistic and 
biaxial testing, and this chapter has described the methods used to analyse them and the results 
obtained. After extraction, the fragments were initially observed using SEM and the differences in 
surface roughness between the different materials was immediately apparent. After successfully 
calibrating 3D SEM against CLSM and WLI using hardness indentations, it was used to quantify the 
surface roughness; the Ra values were shown to be different between the materials, but the within 
the materials the Ra readings were similar between ballistic and biaxial fracture surfaces. Further, SEM 
observations show the two states to be qualitatively indistinguishable from each other. These results 
support theories in the literature that suggest that some of the characteristics of ballistic 
fragmentation can be recreated under quasi-static conditions. 
In qualitative observations of Hexoloy SA fracture surfaces an increased amount of surface porosity 
was seen on rubble fracture surfaces when compared with corner and biaxial fracture surfaces. After 
comparing with as-sintered and polished samples this was hypothesised to be caused by the loss of a 
boron-rich second phase; this was later confirmed by using WDS to quantify the reduced amount of 
boron seen in rubble fracture surfaces. This is an observation unreported in literature, and has 
implications for the fragmentation behaviour of materials under ballistic impact. It is speculation at 
this point, but the stress fields caused by residual stress due to thermal expansion coefficient 
mismatch between silicon carbide and boron (carbide), or shock-induced amorphisation of the 
inclusions could influence the fracture path; altering the second phase may therefore change the 
ballistic behaviour. Whether it is for better or worse remains to be seen.
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7 CONCLUDING REMARKS 
7.1 INTRODUCTION 
This chapter presents conclusions from the current work and suggestions for future studies made 
possible by this investigation. 
Despite being used as armour materials for almost one hundred years, consensus amongst the 
scientific community over the exact material characteristics that confer high ballistic performance in 
ceramics remains elusive. Therefore the only accepted method of satisfactorily assessing the ballistic 
performance of new ceramic armour materials is to subject them to ballistic testing; due to the 
statistical nature of ceramics and the wide variety of influences on the ballistic event, a robust test 
consumes a large volume of material and is very economically expensive to carry out. Therefore a new 
test, or suite of tests, to preliminarily gauge the ballistic performance of new ceramic armour materials 
is highly-sought after. In order to create a new ballistic performance screening protocol, greater 
understanding of material behaviour and the processes involved during the ballistic event is required.  
The aim of this project was to investigate and gather more information on the behaviour of ceramic 
armour systems during the ballistic event. Three main objectives were identified to meet this goal; (i) 
to develop a method of recovering the fragments from a ballistic test for subsequent analysis whilst 
minimising any effects on the interaction between projectile and armour; (ii) to subject the fragments 
to analysis techniques, such as fractography, to gain insight into the behaviour of the ceramic material 
under ballistic conditions; (iii) to conduct quasi-static tests on samples of the same baseline materials 
in order to investigate relationships between ballistic and quasi-static fracture surface conditions. This 
project has succeeded in fulfilling these targets. 
By fixing a block of ballistic gel to the impact face of a typical V50 ceramic armour system sample, the 
fragments created during the test have been restrained such that they can be selectively analysed 
from different areas of the armour system. Through processes including qualitative fractography of 
the ballistic fragments, greater insight into the mechanisms that take place during the 
projectile/armour interaction has been obtained. 
This has been exhibited through the analysis of the Hexoloy SA silicon carbide. By using elemental 
analysis techniques on the fracture surfaces of fragments found in different areas of the tile, it has 
been discovered that the surface chemistry changes; a boron-rich phase found in as-sintered Hexoloy 
SA is found in significantly decreased concentrations in fragments closer to the centre of impact. At 
this stage causes and effects of this can only be speculated on, but this loss of the boron-rich phase 
represents new insight into the ballistic behaviour of Hexoloy SA. 
In parallel, ring-on-ring biaxial disc testing has been carried out on the same materials. As the strain 
rate in a ballistic tile decreases as distance from the centre of impact increases, it was hypothesised 
that fragments and fracture surfaces recovered from closer to the outer edges of the ballistic tile will 
be similar to quasi-static tests. This project has shown that the fracture surfaces between ballistic and 
biaxial fragments of Hexoloy SA, Sintox FA and 3M B4C visually similar to one another. Further, the 
surface roughness has been analysed using stereoimaging, and the results showed differences 
between the materials, yet little difference in Ra between ballistic and biaxial fragments within each 
of the ceramics. Finally, by using elemental analysis, the concentration of boron between Hexoloy SA 
biaxial fracture surfaces and ballistic fracture surfaces from further out from the centre of impact are 
shown to be alike, again reflecting similarities between the two fracture states. 
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The four significant novel outcomes are; 
1. Using a gel restraint system for ballistic testing, as described in Chapter 4, allows for 
substantially more information to be yielded from a ballistic test on the ballistic event and 
behaviour of different materials. Gel is superior to nylon, salt and plastic film at retaining 
fragments as is it retains their final position, allowing location-sensitive analysis to be carried 
out.  
2. Initial analysis of the ballistic fragmentation highlighted differences in size distribution and 
fracture surface characteristics between the Sintox FA, Hexoloy SA and 3M B4C ceramics, 
despite being subjected to as close to the same test as possible. This indicates that the 
response to ballistic impact is a function of the material more than the test itself, although 
additional samples will need to be tested with the gel restraint and fragments analysed to 
confirm the extent of this. 
3. The concentration of boron has been found to be significantly reduced at the centre of impact, 
compared with biaxial or outer-edge fragments, in Hexoloy SA ballistic tiles. Such behaviour 
has not been seen in ballistic materials before, and this suggests that an avenue of 
investigation into the effect sintering aids and particulates have on the ballistic behaviour is 
required. 
4. The fracture surfaces of fragments generated from ballistic tiles for the materials analysed 
throughout this project are visually similar to the fracture surfaces of ring-on-ring biaxial disc 
test samples, aside for the porosity seen in centre-of-impact Hexoloy SA fragments. The Ra 
results have also shown to be statistically similar between the two fracture states whilst 
exhibiting differences between the materials. These observations leave open the use of biaxial 
disc testing as a preliminary test method for ceramic armour materials. 
Secondary results can also be presented, relating to lessons learned during the project; 
 Ballistic tiles with gel restraint cannot be adequately analysed using XCT using currently 
available techniques. Due to the high level of comminution of fragments within the system 
and the large variation in component material densities, quantifiable information on the 
fragment characteristics cannot be obtained with confidence. 
 A cutting protocol to satisfactorily section the post-test gel/ceramic armour system has been 
devised that maintains the final position of fragments. 
7.2 FURTHER WORK 
Several directions for future research are available that stem from this project. The first and foremost 
of them is further investigation into the boron inclusion/porosity phenomenon found in Hexoloy SA 
and the effect it has, if any, on the ballistic behaviour. Initially it will need to be established that this 
behaviour is widespread and consistent throughout Hexoloy SA, which can be achieved by testing 
additional Hexoloy SA ballistic samples with the gel restraint. If sufficient samples are tested such that 
systems that have passed and systems that have failed are obtained, the fragments generated from 
each of these tests can be analysed for boron content. A similar approach has been used in literature 
to identify correlations in ballistic performance with the concentration of carbonaceous defects found 
on the fragment fracture surfaces of a different SiC material, revealing that a sample containing fewer, 
larger defects was more likely to exhibit inferior ballistic performance (Bakas et al., 2012). In addition 
to this, more in-depth analysis on the nature of boron-rich inclusions i.e. whether they are boron, 
boron carbide or another compound, will be required, to gain a deeper understanding of the effects 
they might have on the surrounding material and ballistic behaviour. It will also need to be established 
if this behaviour is restricted to Hexoloy SA, all SiC materials or even all ceramics incorporating multiple 
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phases. Depending on the results of this investigation, engineering of second phases in ceramics could 
lead to superior ballistic performance in future materials. 
This project focussed on the fracture surfaces of fragments obtained using the gel/ballistic system 
test, but there is a wide range of characterisation techniques that can be brought to bear to provide 
more information on the ballistic behaviour. For example, more information can be obtained from the 
SEM evaluation in a similar manner to the quantification of porosity in Hexoloy SA; by marking sites 
of grain cleavage or microcracks, differences throughout the materials may be observed. Additional 
analysis techniques, such as transmission electron microscopy (TEM) or Raman spectroscopy can be 
utilised depending on the results of observations, as has been carried out in similar investigations (e.g. 
Wu et al., 2015).  
Further, only fragments with a maximum dimension of 0.5 mm have been analysed in this project. It 
is possible that additional insight into the ballistic behaviour can be obtained by examining fragments 
recovered that are below this threshold, especially when it is considered that they would be more 
likely to originate from the centre of impact; the current ballistic/gel test system can be refined further 
in order to capture more material. Furthermore, an investigation into the effects that confining 
ballistic tiles with gel has on their fragmentation during the ballistic event should be carried out to 
ensure the validity of data, and confirm that direct comparisons between gel restrained tiles and in-
situ samples can be made. 
So far the project has shown that there are similarities in fracture surface characteristics between 
ballistic corner fragments and ring-on-ring biaxial disc fragments, but the reason for these findings 
needs to be established. Also, it is not currently clear what fracture surface features would be 
indicative of superior ballistic performance. Ascertaining the exact conditions that cause the 
similarities in biaxial fracture surfaces and ballistic fracture surfaces will assists with further 
exploration of the ballistic event and how it may be replicated in the laboratory environment.  
Depending on the information obtained using additional characterisation methods, different 
fragmentation techniques may prove to be even closer in their nature to ballistic conditions. Dynamic 
testing such as split-Hopkinson pressure bar (SPHB), for example, induces fracture in samples at strain 
rates closer to those that are found the ballistic event than quasi-static tests and may induce 
fragmentation that is similar to what is recovered from the ballistic centre of impact, although the 
intention of utilising a technique that is economically cheaper than ballistic testing must be 
maintained.  
All of the large amount of information that can be obtained from the gel/ceramic armour test on the 
ballistic event can be fed into the development of a new evaluation method for ballistic ceramics. Such 
a test can streamline the testing process for new materials, the current state of which has been 
reported to deter materials development due to the significant costs involved, and therefore 
encourage innovation and development towards the next generation of armour materials. 
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APPENDIX A: ETCHING OF SILICON CARBIDE 
The etching protocol was an adaptation of the Murakami method (Clinton, 1987). A solution was made 
up of 3 g potassium hydroxide (KOH), 30 g potassium ferricyanide (Ke3Fe(CN)6) and 50 cm3 of distilled 
water. This procedure was carried out in a fume cupboard.  
The ingredients were measured into a beaker first, beginning with KOH and ending with adding the 
water. The solution was then stirred with a glass rod as it was heated until complete dissolution of the 
reagents took place, and the mixture was brought to boil. A condenser was used to maintain the 
concentration of distilled water and prevent over-boiling. 
Once the solution was brought to boil, the sample was added. Etching time was between 40 and 50 
minutes depending on the porosity of the sample. Once this stage was completed the sample was 
removed, washed with distilled water and dried. The etchant was then disposed of as per regulations 
– it was diluted with distilled water and stored in a clearly marked container for disposal, and was not 
flushed down the sink. The apparatus was then rinsed with liberal amounts of distilled water, washed 
and dried. 
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APPENDIX B: CONSTRUCTION OF SECOND AND THIRD ROUND BALLISTIC SAMPLES 
INTRODUCTION 
Morgan Advanced Materials Composites and Defence Systems in collaboration with the University of 
Surrey have developed a method whereby ceramic debris can be retained in place after ballistic 
testing. The method utilises “Permagel” material; a synthetic ballistic gel material which offers higher 
transparency and clarity than conventional animal derived gelatine materials. 
A description of the method used to manufacture samples is given below; it should be noted that the 
Permagel material is heated to approximately 110°C and is liquid at this temperature, so appropriate 
Health and Safety precautions should be put in place before work commences. The Permagel material 
is not hazardous and may be freely handled at room temperature. 
BALLISTIC SAMPLE PREPARATION 
MAMCDS have developed a ceramic benchmarking test which uses a 100 x 100 mm ceramic tile fixed 
to a 150 x 150 mm backing plate. For some work it is desirable to retain the ceramic debris in place 
after shooting and to this end a block of Permagel is formed in front of the ceramic. 
MOULD PREPARATION 
A strip of clear adhesive coating plastic, approximately 450 x 75 mm is cut from a roll and the then 25 
mm slits are cut at 100 mm intervals. This is so that the plastic may be fixed onto the sample baseplate 
surrounding the ceramic tile. A drop of quick-setting adhesive may be required to seal the corners of 
the mould if any gaps are visible. 
PERMAGEL CASTING 
Although the manufacturers state that Permagel can be re-used, it has been found that the material 
is easily contaminated. The best way to produce a clear sample is to cut an appropriately sized block 
of Permagel (approx. 95 x 95 x 50 mm) from the large casting supplied and place this into the mould. 
The mould and Permagel are then heated to 110°C, at which point the Permagel becomes liquid and 
flows to fill the mould. Scraps and cut-offs may be used to top-up the cast, but care should be taken 
to avoid adding contaminants. A pre-heated steel cylindrical former is placed in the liquid cast to form 
a central hole so that the incoming projectile is not disturbed before impacting the ceramic. When 
most of the air bubbles have left the Permagel, the casting is removed and placed into a retention 
system to allow the casting to cool as a square target, which should be covered to avoid 
contamination. 
FINAL STAGES 
When the casting is completely cool, the steel former can be removed (sliding a small spatula or 
screwdriver down the side of the former to allow air to circulate helps) and a square of adhesive plastic 
is fitted over the casting as a cover. A further square of plastic may also be fitting after shooting to 
retain debris. 
ALTERATIONS FOR 3RD ROUND TESTING 
In order to better contain the debris, the Permagel can be contained within a steel box. Although the 
basic method remains the same, the plastic “mould” was increased in size to 135 mm square. Figures 
B1 – B3 illustrate the construction method step-by-step. 
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Figure B1: Photograph of ballistic tile and mould components for 3rd round ballistic test 
   
   
Figure B2: Photographs of mould construction; (a) assembly of the larger mould section; (b) addition of the smaller 
mould section; (c) using rapid setting adhesive to fix the mould in position; (d) after the gel is added, a square of rubber 
is added and held in place with a plastic cover 
(a) (b) 
(c) (d) 
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Figure B3: Photograph of final sample 
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APPENDIX C: THE TWO-SAMPLE T-TEST FOR INDEPENDENT SAMPLES 
The test works by first declaring a null hypothesis; a common example as is used in this case is “the 
population means for Material A and Material B are equal”. The test is then carried out to assess 
whether this hypothesis can be rejected with a given degree of confidence by using the results of an 
established population sample. 
The test value T is obtained using Equation C.1; 
𝑇 =  
|𝑥𝐴̅̅ ̅ − 𝑥𝐵̅̅ ̅|
𝑠 √
1
𝑛𝐴
+  
1
𝑛𝐵
 
Equation C.1 
where ?̅? is the sample mean and n is the number of observations. Subscripts A and B refer to materials 
A and B, respectively. S is the combined standard deviation SD, calculated using Equation C.2; 
𝑆 =  √
∑(𝑑𝑓)(𝑆𝐷)2
∑ 𝑑𝑓
 
Equation C.2 
where df refers to the degrees of freedom (df = n – 1). The calculated T value is then compared with 
the appropriate value on the T2 table corresponding to significance level and df, found in Table C.1. If 
T > T2 value, then the null hypothesis can be rejected. 
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Table C.1: T2 table 
Degrees of 
freedom 
Confidence level 
90% 95% 98% 99% 99.8% 99.9% 
1 6.31 12.71 31.82 63.66 318.31 636.62 
2 2.92 4.30 6.97 9.92 22.33 31.60 
3 2.35 3.18 4.54 5.84 10.21 12.92 
4 2.13 2.78 3.75 4.60 7.17 8.61 
5 2.02 2.57 3.37 4.03 5.89 6.87 
6 1.94 2.45 3.14 3.71 5.21 5.96 
7 1.89 2.36 3.00 3.50 4.79 5.41 
8 1.86 2.31 2.90 3.36 4.50 5.04 
9 1.83 2.26 2.82 3.25 4.30 4.78 
10 1.81 2.23 2.76 3.17 4.14 4.59 
11 1.80 2.20 2.72 3.11 4.03 4.44 
12 1.78 2.18 2.68 3.06 3.93 4.32 
13 1.77 2.16 2.65 3.01 3.85 4.22 
14 1.76 2.15 2.62 2.98 3.79 4.14 
15 1.75 2.13 2.60 2.95 3.73 4.07 
16 1.75 2.12 2.58 2.92 3.69 4.02 
17 1.74 2.11 2.57 2.90 3.65 3.97 
18 1.73 2.10 2.55 2.88 3.61 3.92 
19 1.73 2.09 2.54 2.86 3.58 3.88 
20 1.72 2.08 2.53 2.85 3.55 3.85 
25 1.71 2.06 2.49 2.78 3.45 3.72 
30 1.70 2.04 2.46 2.75 3.39 3.65 
40 1.68 2.02 2.42 2.70 3.31 3.55 
60 1.67 2.00 2.39 2.66 3.23 3.46 
120 1.66 1.98 2.36 2.62 3.16 3.37 
Infinity 1.64 1.96 2.33 2.58 3.09 3.29 
 
